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THE SETTING OF THIS PROJECT
The late Prof. Dr. G. Henk Visser initiated a research project that ‘…addresses the
potential mechanisms underlying Cape Gannet population trends, and exploits the poten-
tial offered to explore the role of flight costs in reproductive success under highly variable
food supplies’. With support of the Netherlands Foundation for the Advancement of
Tropical Research (WOTRO) this aim eventually led to the present thesis.
The Cape gannet (Morus capensis) is a seabird species endemic to southern Africa.
The whole world population breeds at only six colonies (see box 1.1), three in
Namibia (Mercury, Ichaboe and Possession Islands) and three in South Africa (Bird
(Lambert’s Bay), Malgas and Bird (Nelson Mandela Bay) Islands). Bird Island in the
Nelson Mandela Bay is the only colony at the south coast of South Africa, all other
colonies are situated at the west coast of southern Africa. Coordinated population
counts of the gannets between 1956 and 1998 have shown that the three colonies in
Namibia decreased dramatically in size. Breeding numbers declined more than 90
percent over this period (Crawford 1999, Fig. 1). Over the same period the breeding
numbers of the two colonies on the west coast of South Africa increased to almost
twice the numbers counted in 1956. Nevertheless, the overall population of Cape
gannets at the west coast decreased by about 60%. In an attempt to better understand
which behavioural processes are associated with population changes, we choose to
study the reproductive behaviour of the Cape gannet in two breeding colonies with
opposing population growth rates at the west coast of southern Africa; Malgas Island
(South Africa) which had an increasing breeding population and Ichaboe Island
(Namibia) where the breeding population declined.
This task is complex due to the dynamic nature of the Benguela upwelling
ecosystem. After working in the two colonies during four breeding seasons, it was
apparent that at Malgas Island the numbers of Cape gannets were declining rapidly
and consistently whereas the numbers at Ichaboe Island decreased at a slower rate.
Population counts confirmed these surprising observations: between 2001 and 2006
the area occupied by breeding gannets decreased with 39.9% at Malgas and with
9.0% at Ichaboe (unpublished data Marine and Coastal Management (MCM), South
Africa). The original contrast in population trends was less pronounced yet different
enough to justify our study. Due to differences in local environmental conditions,
different selective pressures may have acted on individuals in the two colonies
causing the differences in the decline in breeding numbers.
Profound changes in local conditions along the South African west coast caused
the gannet populations of Bird Island (in Lambert’s Bay) and Malgas Island to drop
in numbers. Cape gannet population growth is apparently controlled by their food
supply, as their numbers are strongly linked to the biomass of anchovies (Engraulis
encrasicolus) and/or sardines (Sardinops sagax) (Crawford et al. 2007a). In Namibia
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extensive fisheries depleted the local fish stocks in the 1960s, after which the number
of breeding gannets plummeted down (Fig. 1.1). No alternative food source was
available to sustain the energetic requirements of breeding gannets and other
seabirds (Crawford 2007). In South Africa, sardines were extensively over-fished in
the 1970s, but anchovies proved a good alternative on which gannet populations
could even increase in size (Crawford 1999). Since 1997 both anchovy and sardine
stocks progressively shifted eastward along the South African west and south coasts
(van der Lingen et al. 2005). The availability of these main fish prey species off the
west coast thereby decreased and concomitantly the number of gannets at the west
coast colonies decreased (Crawford et al. 2007a). The behavioural processes relating
these population changes to fish availability are explored in this thesis.
The mechanistic approach
Population growth rate is the outcome of features associated with individual birth
and death rates in a population and is a key parameter of interest for population ecol-
ogists (Sibly & Hone 2002). In the simplest model, excluding movements between
colonies, the population growth (r) = instantaneous birth rate – instantaneous death
rate. The negative relationship between population growth and population size or
density is central in population ecology (Sibly & Hone 2002). A population below the
carrying capacity of the environment will grow, and a population above the carrying
capacity will decrease (Sinclair 1996). The main factor underlying population growth
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Figure 1.1. Population trends of South African (open symbols) and Namibian (solid symbols)
Cape Gannet colonies since 1956. The trend for the total population of the Benguela ecosystem is
depicted by the thick line. Figure from the original proposal for this project, based on population
numbers mentioned in Crawford 1999.
Local resources limit growth rates due to increased competition for these resources
(Turchin 1999) and the most competitive individuals will survive (Goss-Custard &
Sutherland 1997, Pettifor et al. 2000). Therefore, studying behaviour of individuals
that are living under harsh conditions may yield insight into the selective processes
associated with population growth rates.
Environmental stressors are associated with population growth (Sibly & Calow
1989). Krebs (1995, 2002) has emphasized the importance of specifying the ecological
mechanisms driving the relationship between vital rates of birth and death and
population density (‘the mechanistic paradigm’, Fig. 1.2). The mechanistic approach
focuses on the relationship between population growth rates and extrinsic factors
such as predation, food supply, disease, landscape, etc. (Sibly & Hone 2002, Krebs
2002). Population growth rates are determined by births, deaths and movements
within and between breeding populations. The study of adult survival or new
recruitment into the breeding colony requires extensive data collection and long term
studies (Lebreton et al. 1992, Pradel et al. 1997). Quantification of survival rates
provides no direct information on the specific mechanisms that drive population
growth. Population studies can therefore greatly benefit from measurements of
behavioural and physiological parameters, preferably those that can be collected in a


















Figure 1.2. Decision tree for the mechanistic paradigm of population regulation (from Krebs
(2002). A series of extrinsic and intrinsic factors contributing to mortality (death rate) and natality
(birth rate) are specified. This thesis deals with the factors food supply, weather and physiology.
extrinsic factors associated with births, deaths and movements within and between
breeding colonies will allow us to make predictions about population growth or
decline and are important for conservation (Krebs 2002, Sibly & Hone 2002).
Foraging behaviour in seabirds
In dynamic environments behavioural flexibility is required (e.g., Le Corre et al. 2003),
but the life of seabirds involves constraints to their behavioural responses to changes
in the environment. The main constraint is that seabirds breed on land but forage at
sea. This restricts breeding individuals in their ability to extend foraging ranges
during periods of poor local food availability in search for (other) prey (Suryan et al.
2002). Nevertheless, seabirds are able to adjust their foraging behaviour if required. In
periods of reduced food availability, parent birds shift their time allocation and spend
more time foraging, which can result in the same reproductive success as in good
years (Uttley et al. 1994, Weimerskirch et al. 1997a, Takahashi et al. 2003). When the
composition or availability of preferred fish species changes over time, seabirds can
switch to other, more abundant prey (Montevecchi & Myers 1997, Crawford 1999),
which may require different hunting strategies (Davoren & Burger 1999). From experi-
mental studies it is clear that seabirds have some flexibility in increasing their foraging
effort, depending on food availability (Jarvis 1974 vs. Navarro 1991) as well as their
body condition (e.g., Weimerskirch et al. 1995, Velando & Alonso-Alvarez 2003).
Food availability affects the foraging effort of individuals (Rindorf et al. 2000,
Suryan et al. 2002, Tremblay & Cherel 2003) and is ultimately associated with seabird
population changes (Monaghan et al. 1989, Crawford & Dyer 1995). Changing energy
requirements of the growing offspring can also force parents to adjust their behav-
iour. Parents may distinguish between prey collected for self-feeding and chick-
provisioning (Ydenberg et al. 1994). To accommodate increased demands in the nest,
parents can increase the rate of energy flow to their chicks (Charrasin et al. 1998,
Davoren & Burger 1999) by selecting larger prey (Davoren & Burger 1999), changing
trip timing (Davoren & Burger 1999) or decreasing trip duration after chicks have
hatched (Charrassin et al. 1998, 1999, Gauthier-Clerc et al. 2002). Beside the pre-
dictable increase in energy demands with chick age, parents are able to adjust their
foraging behaviour to the condition of their young (Shea & Ricklefs 1985, Hamer &
Hill 1994, Bolton 1995, Granadeiro et al. 1999, Baduini & Hyrenbach 2003). Parents
either increase provisioning rates to chicks in poorer condition (Granadeiro et al. 1999,
Baduini & Hyrenbach 2003), or decrease provisioning rates to chicks in better condi-
tion (Hamer & Hill 1994, Bolton 1995).
Energetic constraints
The energetic costs of avian reproduction are considered to reach a maximum during
parental provisioning (Drent & Daan 1980). Parents have to find food to sustain both
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their own energy requirements and those of their growing young. Seabirds face
particularly severe energetic demands because of the large distances between the nest
sites on land and the foraging areas at sea. Food abundance in the marine environ-
ment is patchy and unpredictable, and requires long foraging trips (Shealer 2002).
Pelagic seabirds often fly more than 100 km, and in some albatross species a single
foraging trip can take several weeks, covering as much as 15.000 km (Jouventin &
Weimerskirch 1990, Shealer 2002, Weimerskirch et al. 2002). Energy expenditure
during flight can be up to 12 times basal metabolic rate (Adams et al. 1991, Prince et
al. 1999, Weimerskirch et al. 2002) and is a major component of the energy budget of
marine birds.
Seabirds have evolved both morphological and behavioural adaptations that
decrease the energetic costs of flying. The heavy body with long, narrow wings (high
aspect-ratio) of many seabirds is advantageous for making use of prevailing oceanic
winds to soar and decrease flying costs (e.g., Schreiber & Chovan 1986, Weimerskirch
et al. 2000a). Albatrosses, in particular, conserve energy by their morphology and their
behaviour by not flying under unprofitable wind conditions (Jouventin &
Weimerskirch 1990, Weimerskirch et al. 2000a). Drent & Daan (1980) argued for the
existence of an optimal working capacity, above which the parents would risk their
chances for future breeding. Long-lived seabirds should not jeopardize their survival
and future reproduction by increasing the reproductive effort of their current
breeding event (Williams 1966). Several seabird species use foraging strategies in
which they alternate short with long foraging trips (Weimerskirch et al. 1997a, 1997b,
Granadeiro et al. 1998, Weimerskirch & Cherel 1998). Longer foraging trips are made
to more profitable feeding areas, where the birds possibly feed on different fish
species to restore their own body condition (Weimerskirch et al. 1997b, Weimerskirch
& Cherel 1998). Seabirds can compensate for longer trips by increasing the amount of
food brought back to their chick (Granadeiro et al. 1998, Weimerskirch & Cherel 1998)
or by bringing back different prey species after long trips (Weimerskirch et al. 1997b).
For instance, by returning with prey with higher energetic content after long feeding
trips the parents can partly compensate for the lower feeding frequency (Uttley et al.
1994, Weimerskirch et al. 1997b, Granadeiro et al. 1998, Weimerskirch & Cherel 1998).
The birds can not stay away too long or make too many long foraging trips, as this
would negatively influence the development of their chicks (Weimerskirch et al.
1997a, Granadeiro et al. 1998). In general parents have to trade-off feeding of the
chicks with self feeding.
The complex relationships between individual parental foraging behaviour, its
energy costs and benefits, and the consequences for their reproductive success are the
core of the present study. It exploits the quantitative techniques of precise GPS logging
of individual foraging trips and of energy turnover measurement by stable isotopes,




The Cape gannet (Morus capensis) is a conspicuous black and white coloured seabird
with a yellow head and a long gular stripe (Photo 1.1), which breeds in large colonies
along the southwest coast of southern Africa (Crawford 2005). Gannets weigh about
2.6 kg and have a wingspan of approximately 171 – 185 cm. The local name for the
gannet is Malgas, which is an abbreviation for ‘silly goose’ in Afrikaans, describing
the bird’s somewhat awkward movements on land (Photo 1.2). In the air and at sea
gannets offer a graceful sight appreciated by many birders (Photo 1.3).
The Cape gannet is a colonial species, breeding on islets safe from land predators.
The entire world population of Cape gannets breeds on only six offshore islands, all
of which are situated in the Benguela upwelling ecosystem (Box 1.1). The three
Namibian colonies (Mercury, Ichaboe and Possession Islands) together accommo-
dated about 10.400 breeding pairs in 2005/06 (Crawford et al. 2007a). In South Africa,
an estimated 134.575 pairs of gannets were breeding in 2005/06. The largest gannetry
of the world is at the south coast of South Africa, at the boundary of the Benguela
(Bird Island in the Nelson Mandela Bay). At this colony an estimated 98.419 pairs,
two thirds of the entire world population, were counted in 2005/06. The other two
colonies of South Africa are at its west coast (Bird Island in Lambert’s Bay and




Africa (Saldanha Bay, 33º 03’ S, 17º 93’ E) and on Ichaboe Island in Namibia (Lüderitz
District, 26º 29’ S, 14º 94’ E). Population counts in 2005/06 estimated that about 8.669
pairs were breeding on Ichaboe Island and 36.156 pairs on Malgas Island, which
makes these colonies the largest in each country on the west coast. In both colonies
the number of breeding pairs declined in the years of our study (Crawford et al.
2007a).
Cape gannets start breeding in their third or fourth year of life, when the sub-
adults return to their natal colony. The males establish small territories, attract mates
and start constructing nests. Gannets typically lay one egg in a breeding season.
Although there have been reports of two-egg clutches (Jarvis 1974), it is rare for these
birds to rear both chicks successfully (Jarvis 1974, but see Navarro 1991). Once the
chick is hatched, it depends for about 14–17 weeks on parental feeding for its ener-
getic requirements. The male and female parents alternate their foraging trips, during
which they have to forage both for themselves and for their chick. From when the
chick is about 6 weeks old it needs approximately 500 g of fish per day (Navarro in
prep.), which puts a large energetic demand on the parents. At this point the parents
start foraging simultaneously and leave the chick alone in order to increase provi-
sioning rates. Second clutches after successfully rearing one chick do occur, but the





Cape gannets forage above the continental shelf, a zone extending about 100 km
from the coast. Gannets are visual hunters and locate their prey from a height of
10–30 metres. When they locate a prey, they manoeuvre above it and plunge-dive
vertically into the water like an arrow. The average dive depth is about 3.4 m, with
recorded dives ranging up to 10 metres (Ropert-Coudert et al. 2004a). During the
breeding season, large groups of seabirds are formed that forage together. These
multi-species-feeding-associations (MSFA) make the fish more accessible for shallow
diving birds and are used as visual clues of food availability by other seabirds (Duffy
1983, Camphuysen & Webb 1999). Fish species that Cape gannets exploit are sardine,
anchovy, saury (Scomberesox saurus), horse mackerel (Trachurus trachurus) and redeye
(Etrumeus whiteheadi). Besides live prey, Cape gannets also scavenge behind fishery
trawlers for discards, mainly hakes (Merluccius capensis and M. paradoxus) (Batchelor
& Ross 1984, Berruti et al. 1993). Although this prey is easily accessible, fishery
discards provide a poor substitute for live prey (Pichegru et al. 2007) due to their low




General aims of the study
In this study we combine several techniques to study the costs and benefits of beha-
viour underlying long-term population trends. We equipped breeding Cape gannets
with GPS-loggers to obtain detailed information about foraging trip durations,
feeding area, total distance covered and time allocation during foraging trips. At the
same time we employed doubly-labelled water (DLW) in a sub-sample of birds to
measure the energy expenditure during foraging trips. The combination of these
techniques allows a unique assessment of the cost of flight of large birds under
natural circumstances. Along with the detailed information on foraging behaviour at
sea, we also studied the nest attendance behaviour in the colony and the co-operation
between partners. An important parameter is the measurement of reproductive
success, and we therefore measured growth in a large number of chicks. This allows
us comparisons within years, between years and between colonies. Further data
collection includes diet samples, fledgling mass and breeding success. With these
data we set out to address the following questions:
(1) What is the relationship between gannet diet and chick growth and survival?
(2) How is parental behaviour associated with the growth and survival of their offspring?
(3) How do Cape gannets exploit their food sources during the reproductive season?
(4) What are the energetic costs of foraging during the breeding season?
(5) Can we link parental behaviour and energetics to recent Cape gannet population changes?
In our study we aim to identify the behavioural mechanisms associated with Cape
gannet population changes (‘the mechanistic approach’, Krebs 2002). To do this we
extrapolate variation in individual behaviour to the population level and associated
population growth (Sutherland & Norris 2002). For a demographic study we would
need data on natality, mortality and movements between colonies based on a long-
term ringing program (e.g., Lebreton et al. 1992, Pradel et al. 1997). More specifically,
the number of recruits into the breeding population, a parameter strongly associated
with the number and the quality of the fledglings in particular years (Reid et al. 2003)
needs to be quantified. These demographic analyses are beyond the scope of the
present thesis. Instead we focus on the behavioural mechanisms associated with
Cape gannet chick growth and survival before fledging, which help to partly explain
Cape gannet population changes. A mechanistic approach incorporating individual
decision making can provide reliable insight into how population growth will be
affected by changes in the environment (Sutherland & Norris 2002).
Outline of this thesis
In chapter two, we investigate the association between food quality and Cape gannet
chick growth and survival. We study chick growth during two periods of contrasting
18
CHAPTER 1
food availability: between 1986/87 and 1988/89, when anchovies and sardines (high
quality food) were readily available, and between 2003/04 and 2006/07, when their
availability around Malgas Island decreased. We investigate whether the proportion
of these prey species decreased in the Cape gannet diets and whether fishery discards
(poor quality food) was a suitable alternative. We study the effects of these changes
on Cape gannet chick growth at the population level at Malgas Island, predicting
faster growth and higher survival in the 1980s compared to after 2003.
In chapter three, we study the association between parental behaviour and chick
growth and survival. In two years with contrasting food availability (2005/06 vs.
2006/07) we study parental attendance behaviour and look at temporal changes in
behaviour on Ichaboe Island. We expect that individual responses of parents to the
changes in food availability will predict chick growth and survival. Here, our goal is
to understand why some parents manage to rear their offspring, while others under
the same conditions do not.
An experiment designed to evaluate whether Cape gannets are able to show
behavioural compensation if required is described in chapter four. At Ichaboe Island
(2005/06) we reduced flight efficiency by a mechanical handicap in one parent of a
couple and thereby indirectly increased the demands on the foraging effort of the
partner, which had no physical alterations. We investigate whether unmanipulated
partners are able to show behavioural compensation for the reduced foraging returns
of their handicapped partner in order to rear the chick successfully. We also explore
the role of body condition in the behavioural decisions made by parents.
In chapter five we investigate the foraging behaviour of Cape gannets. We
explore an extensive dataset of GPS foraging tracks collected during four breeding
seasons, at the breeding colonies of both Malgas and Ichaboe. Foraging behaviour is
analysed for seasonal changes and for its association with diet, sex and reproductive
performance. We test whether behavioural variables as trip duration and time spent
flying, could be used as behavioural proxies for population status.
We then study in more detail the energy expenditure of Cape gannets in relation
to their foraging behaviour (chapter six). First, the association of foraging behaviour
with weather parameters (ambient temperature, wind direction and wind speed) is
analysed. We explore how Cape gannets allocated their time during foraging trips
and whether this differs between breeding colonies, years and sexes. We then eval-
uate daily energy expenditure (DEE) and its relationship with both weather and
behaviour. With these data we aim to estimate flight costs for Cape gannets.
In the final chapter seven, I integrate all findings and make comparisons between






Box 1.1: The Benguela Current Large Marine Ecosystem
The Cape gannet breeds in the Benguela upwelling ecosystem. One of the most productive
marine systems in the world, the local upwelling of cold nutrient rich waters offers food to
a large number of marine predators (Shannon 1985). The cold-water upwelling is mainly
wind driven; the winds push the warmer top layer of the sea surface into the open ocean,
which causes the underlying layer of cold nutrient-rich water to well up to the surface
(Bakun & Nelson 1991). The system is driven by the prevailing southerly winds, although
the strength and direction of local wind patterns have a crucial effect on the intensity and
location of upwelling cells, resulting in a highly dynamic system. The upwelling cells in
the Benguela system are located above the continental shelf and the shallow depths of the
water (<280 m) increase the influence of temperature and wind even more (Lutjeharms
et al. 2001).
Weather conditions produced short term variation in upwelling, but there is also a
seasonal trend in the location and intensity of upwelling cells (Demarcq et al. 2003). During
summer, the seabirds’ breeding season, a narrow band of cold inshore water extends from
Walvis Bay to the Cape Peninsula. In winter, this cold water extends farther offshore, prob-
ably a seasonal effect of solar radiation on sea surface temperatures (SST) (Demarcq et al.
2003). Around Lüderitz the cold waters prevail year-round due to the intense upwelling in














cycling, planktonic food webs of ecological importance, and pelagic and demersal fish
production. The effects that variation in upwelling have on the fish stock is important for
seabirds (Lutjeharms et al. 2001) as seabird numbers are highly associated with food supply
(Monaghan et al. 1989, Harris & Wanless 1997, Crawford et al. 2007b).
Large masses of the pelagic fish species anchovy and sardine exploit the productive
waters of the Benguela. These species have a high energy (Batchelor & Ross 1984) and lipid
content (FAO 1989) and an inshore distribution (Barange et al. 1999). Anchovies (Engraulis
encrasicolus) and sardines (Sardinops sagax) are profitable food sources which provide
enough energy to sustain large communities of predatory fish, marine mammals and
seabirds (Shannon 1985). Several endemic seabird species in the Benguela depend on the
availability of both main forage fish species. The numbers of Cape cormorants
(Phalacrocorax capensis) and swift terns (Sterna bergii) breeding in the Benguela system are
associated with the abundance of anchovies, as is the number of African penguin
(Spheniscus demersus) chicks that fledge annually (Crawford & Dyer 1995). The numbers of
Cape gannets (Morus capensis) at the Namibian and the South African colonies are strongly
related to the biomass of sardines over time (Crawford et al. 2007a).
Photo’s: Lorien Pichegru








A recent decline in population numbers of Cape gannets (Morus capensis) breeding
at the west coast of South Africa coincided with decreased availability of lipid-rich
fish prey anchovies (Engraulis encrasicolus) and sardines (Sardinops sagax).
Seabirds can use fishery discards as an alternative, but the quality of this junk-
food in the Benguela ecosystem is lower than that of natural prey species. In this
paper we consider whether chick growth and survival co-vary with periods of
high and low availability of their lipid-rich prey species and whether fishery
discards would be an alternative. The proportion of anchovy and sardine in the
diet was between 66 and 84% in 1986-88 and decreased to 16-35% in 2004-06.
Months with large proportions of anchovy and sardine in the diet were associated
with faster chick growth. No association between the proportion of fishery
discards in the diet and chick growth was found. These patterns are consistent
with the idea that a distributional shift of anchovy and sardine decreased their
contribution to the diet of Cape gannets and lowered chick growth and survival in
the breeding colony. The reduced chick survival may partially explain the decline
in numbers of Cape gannets breeding in the southern Benguela.
INTRODUCTION
The Benguela upwelling system off the south-western African coast is one of the most
productive oceanic environments in the world (Shannon & O’Toole 2003). Large
biomasses of the pelagic fish species anchovy (Engraulis encrasicolus) and sardine
(Sardinops sagax) exploit these productive waters. Their high energetic value
(Batchelor & Ross 1984), high lipid content (FAO 1989) and inshore distribution
(Hampton 1987) make anchovy and sardine profitable food sources, providing
enough energy to sustain large communities of predatory fish, marine mammals and
seabirds (Shannon 1985). The availability of both main forage fish species is impor-
tant for several endemic seabird species breeding in the Benguela ecosystem. The
abundance of anchovies is associated with the numbers of Cape cormorants
(Phalacrocorax capensis) and swift terns (Sterna bergii) attempting to breed and the
number of African penguin (Spheniscus demersus) chicks that fledge (Crawford &
Dyer 1995). Numbers of Cape gannets (Morus capensis), breeding in both Namibia
and South Africa, are strongly related to the biomass of sardines (Crawford et al.
2007a). These pelagic fish are also targeted by human fisheries (Griffiths et al. 2005).
Besides competing with seabirds and marine mammals for the same fish, the fisheries
produce considerable amounts of fishery discards, providing an alternative food
source for seals and seabirds (Ryan & Moloney 1988). If the availability of their
natural prey decreases, seabirds could compensate by feeding on discards, which can
be beneficial to seabird populations (Tasker et al. 2000, Montevecchi 2002). The South
African hake fisheries have discarded about 7000 tonnes of hake annually off the
west coast of South Africa at the end of the 1990s (Walmsley et al. 2007).
Since 1997 distributions of both anchovy and sardine have moved eastward along
the western and southern coasts of South Africa (van der Lingen et al. 2005). This shift
reduced the availability of these prey species to Cape gannets at the two west coast
breeding colonies, Lambert’s Bay and Malgas Island. Cape gannets from Malgas
Island have increased the proportion of fishery discards in their diet, and have since
shown an increased foraging effort compared to birds from a colony where sardines
were readily available (Pichegru et al. 2007). Feeding on fishery waste was considered
unsustainable for Cape gannets during the breeding season (Pichegru et al. 2007,
Grémillet et al. 2008) due to the low energy content of the waste (Batchelor & Ross
1984). Cape gannet chicks hand-raised on hake (Merluccius capensis and M. para-
doxus, fishery discards are almost exclusively hakes) have reduced growth rates and
lower fledging weights compared to chicks fed anchovy and/or sardine (Batchelor &
Ross 1984). However, until now no data have been collected on how the ‘junk-food’
affected chick growth rates on a colony scale.
The Cape gannet is a seabird species endemic to southern Africa, which breeds on
only six islands in the Benguela ecosystem. The number of breeding pairs on the west
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coast decreased from 50 000 to 36 000 pairs between 1997 and 2005 (Crawford et al.
2007a), coinciding with the decreased availability of anchovy and sardine. The Cape
gannet is listed ‘vulnerable’ by the IUCN. In this study we consider the effects of
decreased availability of lipid-rich fish prey on chick growth and survival of Cape
gannets and we investigated the suitability of fishery discards as an alternative to
natural prey. We use two extensive datasets on chick growth during contrasting
periods; 1986-1988, when anchovy and sardine were readily available near the
breeding colony of Malgas Island, and 2003-2006 when this availability decreased
drastically. We present a detailed assessment of the impact of natural versus discard
diet on chick growth in this seabird species and study these effects between, but also
within years. We predict that Cape gannet chicks will show increased growth in
periods that coincide with increased proportions of anchovy and sardine in the diet.
METHODS
Data presented here were collected during the breeding seasons 1986-1988 (by RAN)
and 2003-2006 (by RAN and RHEM) at Malgas Island (33º03’S 17º93’E), Saldanha Bay,
South Africa, the largest of the five Cape gannet colonies off the west coast of
Namibia and South Africa (Crawford et al. 2007a). The Cape gannet breeding season
at Malgas Island lasts eight to nine months. Individual pairs need about five months
to incubate the single egg (ca. 43 days, Jarvis 1974) and raise the chick to fledging (ca.
97 days, Jarvis 1974). The onset of egg-laying varies between individuals from
August through early November (Staverees et al. 2008). In this paper, we use 2003, for
example, to indicate the breeding season from August 2003 until April 2004.
Diet samples
In each study year, diet samples were collected monthly from adult gannets over 1–3
consecutive days. Gannets were captured with a hooked pole upon arrival from a
foraging trip and inverted over a bucket in which they regurgitated (Berruti et al.
1993). We collected 2321 diet samples (annual mean: 332 samples ± 220), which we
analysed by weighing the mass of individual fish species in different samples. The
percentage contribution (wet mass) of each fish species was calculated for each
month. The diet was categorised as anchovy and sardine, saury (Scomberesox saurus),
fishery discards (hakes) and other species. Anchovy and sardine were combined for
further analyses as in Crawford et al. (2007a).
Chick growth
Human access to the interior of the colony involved unacceptable levels of distur-
bance. For this reason we selected chicks at different sites near the periphery of the
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colony to measure growth. Chicks were taken from the nest, measured and put back
within three minutes. Bill length (to nearest 0.1 mm), length of flattened wing chord
(to nearest 1 mm) and body mass (< 1000 g to nearest 5 g, > 1000 g to nearest 25 g)
were measured. Chicks were measured at approximately the same time of each meas-
uring day and in the same order. One observer (RAN) was involved in both study
periods, reducing the risk of inter-observer effects. Chicks were identified either by
nest location or by individually coded colour rings.
To test whether chicks growing at the periphery represented chick growth for the
whole colony, we measured chicks in the interior of the colony in the first year (1986).
Differences in parental condition (Coulson 1968, Gibbs et al. 2000) or predation pres-
sure (Tenaza 1971) within and at the edge of a colony could affect chick growth rates.
Nests were at least 3 m from the edge of the colony, surrounded by other nests on all
sides. The researcher followed the same path to access the nests at each visit and
measured chicks outside the colony.
We combined two datasets on Cape gannet chick growth and therefore the meas-
uring protocols differed between years. However, all growth increments were
analysed in the same way and variation in intervals between measurements did not
interfere with our growth results (Multilevel model: interval F1,3222 = 1.5, P = 0.218).
In general we aimed to measure a sample of chicks of all ages and from different
parts of the colony throughout each breeding season. During the 1986 breeding
season chicks were measured at three or four day intervals until they either died or
fledged (see Navarro 1991 for details). In 1987 and 1988, different samples of chicks
were measured over four days at each month (mean sample size 53 ± 28, n = 635). In
addition, in 1988 another sample of chicks was measured twice per month at a four-
day interval, but repeated until they died or fledged. In the years 2003 to 2006 we
selected a sample of chicks at each of four sites and measured the same chicks at
weekly intervals until they died or fledged. Newly hatched chicks were added into
the sample in order to collect data on the growth of young chicks throughout the
breeding season.
Chick age was estimated from the first measurement of each chick, using algo-
rithms derived from data of 103 known aged chicks (Navarro 1991). When wing
length was below 40 mm, age was computed by age = -ln ((89.78 – b / 6.15 x b) /
0.086) + 0.5, where b is bill length. For chicks with wings of 40 mm or larger, age was
computed by age = 1.395 – ln (ln (588.8 / w) / 0.0264) + 0.5, w being wing length.
Growth index
Growth rates were analysed using a non-parametric approach (see box 2.1 for full
description of method), because standard parametric growth models like Gompertz
or logistic growth curves do not fit the data adequately (see also Brown et al. 2007).
The growth index measures deviations from “average” growth, and is independent
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of whether growth is measured at an early age when the absolute growth rates (g d-1)
are small, at the maximum growth spurt, or late in development when growth rates
decrease. The growth index is scaled so that it represents the number of standard
deviations above or below average growth rate; with this standardiszation it is
appropriately denoted z. For analyses data were pooled across years, growth indices
were calculated and then tested for between and within year variation. Only chicks
up to the age of 85 days were used for analyses, because the average mass of chick
tended to decrease after this age (visual inspection of this dataset).
Chick survival
In 2003 and 2004, 10 sites were randomly selected to monitor chick survival: five sites
at the periphery and five sites in the interior of the colony (at least 3 m from the edge
and surrounded by other nests). At each site we marked one position which was used
by the observer to check the contents of all nests within 2 m. Contents of nests were
monitored by lifting birds gently when they were sitting on the nest to check for eggs
or small chicks. When chicks were visible to the observer, nests were not disturbed.
Presence and approximate age of the chicks (based on plumage) were monitored
every two weeks. Survival was analysed for chicks until 12 weeks of age, because
after this age we could not determine whether they had died or fledged when not
observed at the nest. Survival of chicks is defined as the proportion of chicks that
survived between two nest checks, relative to the number of chicks of the first of the
two checks.
All methods used and handling of gannets during this study were approved by
the Animal Use and Care Committee of South African National Parks (SANParks)
and the research permit was issued by SANParks.
Statistical analyses
Results are presented as mean ± standard deviation. Parameters were analysed using
multiple regressions in which the potential explanatory effect of predictive variables
was tested using a backwards deletion method. The residuals of significant models
were tested for normality.
In order to correct for a possible effect of individual on repeated growth measure-
ments, growth indices were tested with multilevel mixed-modelling procedures in
MLwiN 2.02 with individual and observation as levels. Further included in the
models were parameters like location (periphery or interior), year, month, hatching
date and diet. The growth index was independent of chick age and therefore we did
not include chick age in the models. Significance levels were calculated with
restricted iterative generalized least squares (RIGLS). We only included age in the
models testing the relationship between chick growth and diet, to correct for differ-
ences in average age between the months. To study effects on survival a multilevel
FOOD QUALITY AND CHICK GROWTH
27
mixed-modelling procedure was used with plot (site in colony, n = 10), plot per year
(two years times 10 plots, n = 20), individual identity and observation (each observa-
tion) as levels. The binomial logit link model included year (2003 and 2004), location
of nest (interior or periphery), age of chicks (< 4 weeks; 4-8 weeks and > 8 weeks) and
date (days after September 30), as well as their interactions. Growth indices were




The proportion of anchovy and sardine varied from 66 to 84% between 1986 and
1988, and decreased between 2003 and 2005 from 59% to 17% (Fig. 2.1). The contribu-
tion of fishery discards was around 5% during the 1980s. This proportion increased to
45% in 2005, after which it decreased again to 20% and concomitantly the proportion
of anchovy and sardine increased to 35% in 2006. The main seasonal trend was that
the proportion of anchovy and sardine decreased as the breeding season progressed,
whereas the proportion of saury increased (Fig. 2.2). The proportion of hake was rela-
tively large from October till December between 2003 and 2006.
Chick growth
During seven breeding seasons 1256 gannet chicks were measured (Fig. 2.3A), from
which 3375 growth indices could be calculated.
The non-parametric growth curve derived from plotting growth (g d-1) against
mass (Fig. 2.3B) showed an initial increase in growth with increasing mass. The point
of inflection was at a mass of 839 g (23 days) with a growth rate of 49.5 g d-1. From
that point onwards the growth rate decreased towards 14.0 g d-1 for chicks with a
mass of 3250 g (slope = –0.014), but much more gradually than the initial increase
(slope = 0.047). The overall mean of the growth indices was –0.015 (± 0.98, n = 3375)
and did not differ from zero (one sample t-test: t = –0.887, df = 3374, P = 0.376).
Periphery vs. interior
To check whether growth of chicks at the periphery represented overall growth of the
colony we also measured chicks in the interior of the colony. 291 growth increments
(14 chicks) were measured in the interior of the colony and compared to 138 (9
chicks) at the periphery (within 1 m from the edge) in 1986. Growth of chicks at the
periphery of the colony did not statistically differ from growth of chicks in the inte-
rior (Multilevel model: location F1,427 = 2.2, P = 0.140). All measured chicks hatched
between 2 and 6 November 1986. If we include hatching date and survival of chicks
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in the model, the location was still not associated with chick growth (Multilevel
model: hatch date F4,422 = 1.0, P = 0.306; survival F1,422 = 3.8, P = 0.052; location
F1,422 = 0.7, P = 0.413).
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Figure 2.1. Contribution (in % wet mass) of four categories of prey species to Cape gannet diet
per year. Data are only from months that chick growth was measured and sample sizes are shown
at top of graph. Main prey species in the category ‘other’ are snoek, horse mackerel and round
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Figure 2.2. Contribution (in % wet mass) of four categories of prey species to the diet of Cape
gannets per month during the breeding season. Averages are given per month for two contrasting
periods.
Chick growth between and within years
The mean growth indices per year were largest in 1986 and 1987 and smallest in 2003-
2006 (Fig. 2.4A). Within each year the growth indices showed considerable fluctua-
tions. Average growth per month combined for all years was generally higher at the
beginning of the year (October till December) than at the end (January till March)
(Fig. 2.4B). For each month, except February/March, chick growth was faster in 1986-
88 than in 2003–06.
The growth indices differed significantly between the seven years (Multilevel
model: year F6,3368 = 84.6, P < 0.001) and between months during the seven years
































Figure 2.3. A) Plot of mass (g) against chick age of Cape gannets in days. The line represents the
non-parametric growth curve calculated from plotting growth (g d-1) against mass. B) Plot of
growth (g d-1) against average mass for chicks. The lines represent the non-parametric growth
curve and the lower and upper confidence interval. Chick growth from seven breeding seasons,
data of 1256 individuals and 3375 measurements.
1986–88 compared to 2003-06 (Multilevel model: period F1,3373 = 59.0, P < 0.001).
From October until January the growth indices were higher in the 1986-88, but in
February/March growth was faster in 2003-06 (Fig 2.4B). Seasonality was analysed in
a model that tested for the interaction between year and months (GLM: year F6,3346 =
11.1, P < 0.001; month F4,3346 = 8.2, P < 0.001; years x month F18,3346 = 3.8, P < 0.001).
The model showed that growth did not follow the same seasonal pattern in different
years. The model explained only 5.9% of the variation in chick growth.
Chick growth and diet
Growth indices were averaged for each calendar month and correlated to the propor-
tion of the different prey species in the diet. Average growth indices were positively
correlated with the contribution of anchovy and sardine to the diet (r = 0.554, n = 32,
P = 0.001, Fig. 2.5). For six of the seven years these correlations were also positive
between the months within years, in two years significantly (1989: r = 0.850, n = 6, P =
0.032; 2006: r = 0.998, n = 3, P = 0.042). The proportion of fishery discards in the diet
was not correlated to growth (r = 0.011, P = 0.952).
The combined proportion of anchovy and sardine in the diet had a positive effect
on chick growth. In periods when chicks were older, growth was marginally faster
with a larger proportion of anchovy and sardine in the diet than in periods when
chicks were younger (GLM: anchovy and sardine B = 0.013, F1,28 = 9.8, P = 0.004; age
F1,28 = 1.9, P = 0.182; (anchovy and sardine) x age F1,28 = 5.4, P = 0.028). The model
explained 46.9% of the variance in growth.
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Figure 2.4. A) The mean growth index for all Cape gannet chicks in each of seven breeding
seasons. Sample sizes are indicated. B) The average growth index per month within the breeding
season for the years 1986–1988 and the years 2003–2006. The error bars represent one standard error.
Chick survival
During the 2003 and 2004 breeding seasons, 303 and 396 nests respectively were
monitored for chick survival at both the interior and the periphery of the colony.
Nests were monitored for at least four months. In 2003, chicks hatched at 233 nests; in
2004 at 242 nests. Chick survival until 12 weeks was higher in 2003 (60.9%) compared
to 2004 (55.4%) and survival was higher in the interior than the periphery (Table 2.1).
Results from the model are presented in Table 2.2. Until day 80 (19 December)
chick survival was lower in 2004 than 2003. Survival decreased in both years as the
breeding season progressed (Fig. 2.6A). This decrease was less steep in 2004 than in
2003. Survival increased with the age of chicks. This effect appeared to be stronger in
2004 than in 2003 (Fig. 2.6B). Chicks at the interior of the colony had higher survival
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Figure 2.5. The correlation between the combined proportion of anchovy and sardine in Cape
gannet diet and the mean chick growth index per month. Data are for seven breeding seasons
(n = 32).
Location Survival 2003 2004
Periphery Success 47 (43.5%) 47 (45.2%)
Failure 61 (56.5%) 57 (54.8%)
Interior Success 95 (76.0%) 87 (63.0%)
Failure 30 (24.0%) 51 (37.0%)
Table 2.1. Summary statistics of Cape gannet chick survival until 12 weeks of age. Chick survival
is defined as percentage of chicks that survived between consecutive nest checks. Chicks nested
at least 3 m from the periphery are defined as reared in the interior.
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Figure 2.6. A) Survival of Cape gannet chicks throughout the breeding season for two years
(2003 and 2004). Survival rates are estimates from the multi-level model (see results) and pre-
dictions are made from the model including year, date and their interaction. B) Fraction of chicks
that survived between consecutive nest check for three age-classes. Survival rates are estimates
from the multi-level model and corrected for year, date and location in the colony (periphery or
interior) effects.
B (SE) d.f. χ2 P
Intercept 6.1 (0.85) 1
Yeara 1 19.7 < 0.001 **
2004 -4.3 (0.98)
Ageb 2 84.3 < 0.001 **
< 4 weeks -1.6 (0.29)
> 8 weeks 2.9 (0.43)
Locationc 1 19.0 < 0.001 **
interior 3.4 (0.78)
Date -0.06 (0.01) 1 53.5 < 0.001 **
Year x date 1 29.3 < 0.001 **
2004 x date 0.05 (0.01)
Year x age 2 11.0 0.004 **
2004 x < 4 weeks 0.3 (0.38)
2004 x > 8 weeks -1.6 (0.53)
Location x date -0.03 (0.01) 1 12.1 < 0.001 **
interior x date
a reference category is 2003
b reference category is 4 – 8 weeks
c reference category is periphery
Table 2.2. Results for the multi-level binomial logit-link model of survival of Cape gannet chicks.
The model corrected for the levels of plot, year-plot, individual and observation. Year, location, and
age were included as categories and date included as covariate. For further model details see results.
DISCUSSION
Although Cape gannets are opportunistic feeders with large variability in their diet
(Berruti et al. 1993) and foraging behaviour (Lewis et al. 2006, Pichegru et al. 2007), the
availability of anchovy and sardine appears to have a considerable influence on their
reproductive performance. At Malgas Island, a decreased availability of anchovies
and sardines (van der Lingen et al. 2005) was associated with an increase in foraging
effort (Pichegru et al. 2007) and a decrease in numbers of gannets breeding (Crawford
et al. 2007a). Our results demonstrate that the growth of Cape gannet chicks is also
associated with the proportion of these lipid-rich prey species in the diet and that
fishery discards are an inadequate substitute for natural prey. This confirms earlier
observations on captive birds that chicks fed anchovy and sardine exhibit better
growth than those fed hake (Batchelor & Ross 1984).
Growth measurements
Birds breeding in the interior of a colony are expected to be more experienced or in a
better condition than birds at the periphery (Coulson 1968, Gibbs et al. 2000). At the
periphery, predation pressure is also thought to be larger (Tenaza 1971). This might
result in differences of chick growth rates or survival. In this study we found that
chick survival was lower at the periphery compared to the interior. This was most
likely due to higher predation pressure at the periphery by kelp gulls (Larus domini-
canus) (RAN and RHEM pers. obs.). Growth rates did not differ between chicks from
the interior and periphery, so the growth of chicks at the periphery of the colony was
representative for the whole colony. Although we combined two datasets collected at
20 years intervals, one researcher (RAN) was present during both study periods,
which is seldom the case and minimises measurement errors.
The impact of natural versus discards diet on chick growth
Fishery discards can be a potential alternative food source for seabirds (Montevecchi
2002) and increases of several seabird populations have been attributed to opportuni-
ties to scavenge fishery waste (Mitchell et al. 2004, Oro et al. 2004). Seabirds seem to
select discards from fishing vessels that are of good digestibility and high caloric content
(Furness et al. 2007). However, the energy content of hake (4.07 kJ g-1), the main fishery
waste in the Benguela ecosystem, is half that of anchovy or sardine (6.74 and 8.59 kJ g-1
respectively, Batchelor & Ross 1984), the Cape gannet’s natural prey. Hake is also poor
in lipid content (average fat content: Cape hake 2.5%, southern African anchovy 4.2%,
southern African sardine 7.9%, FAO 1989). The hake diet samples regurgitated by
Cape gannets mainly consisted of bony heads or body portions with large bones.
Nevertheless, the proportion of fishery discards (almost exclusively hake) increased
from about 5% in the 1980s to 45% in 2005 in the diet of breeding Cape gannets.
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Average growth of Cape gannet chicks reared at Malgas Island was positively
associated with the proportion of lipid-rich prey species in the diet. In years with
good availability of anchovy and sardine (1986-1988), chicks were growing faster
than in the years with reduced availability of these species (2003-2006). The impor-
tance of lipid-rich species for chick growth was also evident within years. Chicks had
faster growth rates in months with more anchovy and sardine in their diet. Moreover,
there was no relationship between chick growth and the proportion of fishery
discards in the diet, suggesting partial compensation by adult gannets returning
more discards to the chick as found by Pichegru et al. (2007). Although the fishery
discards were of poor quality, both in terms of caloric content and digestibility, Cape
gannets seemed to have no other suitable alternatives prey to anchovy and sardine
and had to feed on this junk-food, at least during parts of the breeding season.
There is growing evidence that quality of the diet, in particular the lipid content
of fish prey, is crucial for growing seabird chicks (Golet et al. 2000, Litzow et al. 2002,
Wanless et al. 2005, Kitaysky et al. 2006). Chicks reared on lipid-rich diets can prob-
ably increase energy reserves by storing more body fat (Kennedy et al. 2007),
enhancing the chances of successful fledging of individuals by buffering periods of
fluctuating food availability (Ricklefs & Schew 1994). Feeding on fishery discards
proved to be an unsuitable alternative for breeding Cape gannets to sustain their
own energy requirements and those of their chick (Pichegru et al. 2007), but can be
an alternative to ensure survival outside the breeding season (Grémillet et al. 2008).
Fluctuations in food availability
In colonial seabirds, chick growth is considered an indicator of local food availability
(Ricklefs et al. 1984, Shea & Ricklefs 1996, le Corre et al. 2003). The diet of Cape
gannets breeding at Malgas Island showed a consistent occurrence of saury at the end
of the breeding season when anchovy and sardine were less available (Berruti et al.
1993, this study). It seems that at the beginning of the breeding season breeding birds
do not have this option and can only turn to scavenging behind hake trawlers. The
prevalence of saury from December onwards might affect chick growth in different
ways. In 1986-1988 the lower energy content per gram wet mass of saury (6.20 kJ g-1,
Batchelor & Ross 1984) may have affected growth negatively at the end of the
breeding season. From 2003 to 2006, with higher proportions of lipid-poor fishery
discards, the occurrence of better quality saury from January onwards may have
increased the growth performance of the chicks at the end of the year (February-
March, Figure 2.3B). Indeed, Grémillet et al. (2008) showed an increase in the caloric
value of the diet in 2005, when the proportion of saury increased in the diet,
compared to months with larger proportions of fishery discards.
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Reproductive output
In pigeon guillemots (Cepphus columba) chicks reared on lipid-rich diets showed faster
growth and higher fledging success (Litzow et al. 2002, Golet et al. 2000), which may
drive population dynamics in this species. Cape gannet chicks with a high fledging
mass have higher survival chances than chicks that fledge later or with a lower mass
(Jarvis 1974). Chick survival was slightly lower in 2004 than in 2003, coinciding with
the reduced availability of anchovy and sardine in 2004. Increased predation of chicks
and fledglings by Cape fur seals (Makhado et al. 2006) and great white pelicans
(Pelicanus onocrotalus) (De Ponte Machado 2007) is contributing to the decrease of the
Cape gannet colony at Malgas Island. However, the decreased availability of lipid-rich
prey species is likely to have been the main cause of large population decreases of
Cape gannets in Namibia (Crawford et al. 2007a). Demographic data are essential for
ongoing discussions about population declines of many different vulnerable species.
We agree with Grémillet et al. (2008) that marine management policies should be
careful in assuming that fishery waste is beneficial for seabirds scavenging behind
trawlers. This study illustrates the dramatic effects that a decreased availability of
lipid rich prey can have on a population scale and that fishery discards do not provide
an alternative food source during the breeding season (Wanless et al. 2005).
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Box 2.1: Growth indices
Several studies have previously explored growth of Cape gannet chicks and give indica-
tions that standard parametric growth models, like Gompertz or logistic growth curves,
do not describe chick growth adequately (Cooper 1978, Navarro 1991). The assumption
for these parametric models is that the growth rates before and after the point of inflection
have the same slope, but in opposite directions. In Cape gannets the rate of decrease after
the point of inflection is about three times slower than the rate of increase before the
inflection-point. Therefore growth rates were analysed using a non-parametric approach
(compare Brown et al. 2007).
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Growth rates were calculated between each pair of successive mass measurements, so
if successive masses at times t and u were mt and mu, the growth rate over this time period
is g = (change in size)/(time period) = (mu – mt)/(u – t) and the mean of the pair of
measurements is a = (mt + mu)/2.
For a set of observed masses (target mass) the average growth rate was estimated
using weighted regression. Weights for all pairs of observations were calculated (a, g) in
such way that values close to the target mass had large weights and values farther away
had increasingly smaller weights. If the target mass was m*, then the weight w attached to
observation (a, g) was w = exp(–((a – m*)/σ)2) where σ was chosen to be 200, which is
about 8% of the adult mass. The weight attached to observations 200 g distant from the
target mass is substantial (0.37), at 300 g small (0.105), and at 400 g tiny (0.018). A
weighted linear regression was fitted by GenStat8 (GenStat Committee 2005) to predict
the growth rate g* at the target mass. By varying σ, the extent of the influential neighbour-
hood can be modified. The value for σ was selected by visual inspection, but the results
do not depend critically on this value. Data exploration showed that if a chosen value was
twice as large or half as small, the results would have been nearly identical.
The same weights used for the regression were used to estimate a weighted standard
deviation sm*; where sm* = (1/∑w)((w(g – g*)2). An approximate coefficient of variation for
each target mass was calculated as CV* = 100 x (sm*/m*).
The estimated growth rates and the lower and upper confidence limits at each target mass
were plotted, and the points were linked by interpolation. A normal distribution was
assumed, so that the lower and upper confidence limits were g* – 1.96 sm* and g* + 1.96
sm* respectively. Using hatching mass as the starting value on day 0, the growth rate curve
was integrated to produce a plot of mass against time. The non-parametric growth curve
(table with predicted value of growth curve can be obtained from the first author)
describes the pattern of growth as determined by the data rather than forcing the data
into a pattern as a consequence of the parametric model chosen by the analyst. The
growth indices are age-independent.
For the interval between two measurements of a chick, a comparison was made
between the observed and expected growth rate. The observed growth rate was
computed as the average of the two measurements, and its approximate standard devia-
tion calculated as described above. The standardised growth rate (z) was then computed
by dividing the difference between the observed and expected growth rate by the stan-
dard deviation, so z = (g – g*)/s*. The z-scores are assumed to be approximately normally
distributed, so the magnitudes of z-values can be expected to stay within the standard
normal distribution. For large samples, the overall mean of all z-values is asymptotically
zero; negative values indicate below average growth rates and positive values indicate
above average growth rates.
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Parental provisioning behaviour predicts survival





Cape gannets (Morus capensis) are declining in numbers in all breeding colonies at
the southern African west coast, potentially caused by deteriorating food avail-
ability. The behavioural responses of individuals to changing conditions can
provide insights into the mechanisms that drive population dynamics. We studied
the relationship between parental provisioning behaviour and the breeding
success of Cape gannets breeding at Ichaboe Island (Namibia) in two years with
different nesting success, to assess the potential role of variation in food avail-
ability in explaining variation in chick survival. In 2006/07 parents delayed the
onset of breeding and visited nests at a lower frequency than in 2005/06, indi-
cating that food availability was limited. Within the years individual differences in
provisioning rate but not in parental condition were associated with chick growth
and survival. These positive associations remained present when controlling for
seasonal changes. Predation, not starvation, was the main cause of mortality.
Under poor conditions, as indicated by long foraging trips, Cape gannet parents
left small chicks unattended, resulting in many being killed by kelp gulls (Larus
dominicanus). Long foraging trips were associated with reduced average breeding
success, but impacted some parents more than others. Knowledge of the origin of
this inter-individual variability is needed to predict how changes in food avail-
ability affect seabird population dynamics, which is one of the steps towards
conservation of these birds.
INTRODUCTION
Seabird population dynamics are often linked with their food supply (Sinclair 1989).
Numbers of breeding Cape gannets (Morus capensis) in the Benguela ecosystem, off
the western coast of southern Africa, have been declining over the last few decades
due to changes in the abundance and distribution of their epipelagic fish prey
anchovies (Engraulis encrasicolus) and sardines (Sardinops sagax) (Crawford et al.
2007a). The decreased availability of these lipid-rich prey species affected both the
foraging effort of parents (Lewis et al. 2006, Pichegru et al. 2007) and growth of the
chicks (Batchelor & Ross 1984, chapter 2).
Seabirds breed in a patchy and unpredictable environment (Ashmole 1963) and
during the breeding season they potentially encounter both temporal and spatial
fluctuations in prey distribution. Flexibility in foraging behaviour is expected
(Erikstad et al. 1998) and selection favours those behavioural responses that maximize
fitness, especially when food is scarce (Goss-Custard & Sutherland 1997). Chick
growth and survival partly depend on parental behaviour. Decreased provisioning
rates (Gray & Hamer 2001, Le Corre et al. 2003) and food loads (Weimerskirch et al.
1997a) or reduced quality of prey species (Litzow et al. 2002) negatively affect chick
growth and survival. Nest attendance is important for young chicks that need
brooding or protection against predators (Nelson 1978). The possibility to increase
the rate of food provisioning is partly determined by food availability around the
breeding colony (Jarvis 1974 vs. Navarro 1991), but may also be related to phenotypic
differences between parents. Handicapping experiments have shown that there is
individual variation in the extent to which seabird parents can increase their repro-
ductive effort (Velando 2002, Paredes et al. 2005).
We studied the relation between parental behaviour and breeding success in the
Cape gannet at Ichaboe Island (Namibia) during two years. Cape Gannets are quali-
fied as ‘vulnerable’ by IUCN (IUCN 2007). Ichaboe houses the largest Cape gannet
colony in Namibia (approximately 8700 breeding pairs, Crawford et al. 2007a). In
2006/07, Cape Gannets delayed breeding by approximately 6 weeks compared to
2005/06. Cape fur seals (Arctocephalus pusillus pusillus) suffered increased starvation
and an increase in spontaneous abortions in 2006/07, and Cape cormorants
(Phalacrocorax capensis) abandoned two breeding attempts before they actually
commenced breeding three months later than previous years (T. Delport, pers.
comm.). We take these observations as an indication that food availability was poor
around the breeding colony in 2006/07 compared to 2005/06. In this paper we study
the link between behaviour and body condition of Cape gannet parents and growth
and survival of the chicks, to assess why some parents manage to rear their offspring,
whereas others do not. This might give some insights in behavioural mechanisms
associated with population dynamics. We predict that 1) chick growth and survival
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are low in years with long foraging trips and that 2) parents with longer foraging
trips have lower breeding success.
METHODS
The study was conducted at Ichaboe Island, Namibia (26°29'S, 14°94'E) during four
periods in the breeding seasons of 2005/06 and 2006/07: December 2005 = 16
December 2005 to 20 January 2006; February 2006 = 23 February to 12 March 2006;
December 2006 = 21 December 2006 to 5 January 2007; February 2007 = 8 February to
4 March 2007. The breeding season was divided into early (December 2005 and 2006)
and late periods (February 2006 and 2007), indicated as half-seasons in statistical
models. Gannets had delayed their breeding in 2006/07, so we only found 14 chicks
at the study site in December 2006.
Marking and behavioural observations
In each study period we selected nests within 1 m from the periphery of the colony
with chicks of variable ages (49 nests in December 2005, 33 in February 2006, 14 in
December 2006 and 41 in February 2007). Selecting nests in the interior of the colony
would cause disproportional amounts of disturbance. Cape gannets at the fringes are
similar in age and quality as birds in the interior (Klages 1994), so no biases in behav-
iour are expected, neither in chick growth (chapter 2).
At each selected nest we captured the parents from their nest by manipulating a
hooked pole around their neck. Gannets were then measured (bill length to the
nearest 0.1 mm, length of flattened wing chord to the nearest mm and body mass to
the nearest 25 g) and dyed with picric acid. Our measuring routine differed slightly
between the two years. In 2005/06 we measured and dyed the adults of the selected
nests in the morning to obtain pre-feeding morning mass. In 2006/07 adults were
marked in the afternoon without capture using a marker tied to a stick and we took
measurements the next morning if the adults were still present at the nest. Partners
were captured and measured within four days after the capture of the first parent,
again after they spent the night on the nest to obtain the closest estimate of pre-
feeding mass. Each study nest thus had individually recognisable parents; one dyed
on the back, the other either had a colour ring or was dyed on the head.
Nest attendance at each nest was recorded by checking nests every hour from
sunrise to sunset (5 AM to 8 PM, Namibian summer time). Gannets are visual hunters
and therefore do not forage at night (Ropert-Coudert et al. 2004b). If a different parent
was observed attending the nest in the morning than on the previous night, we
assumed that the nest relief happened shortly after sunset. We calculated several
variables from the observational data: (1) hours away from nest (trip duration), (2)
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hours on the nest (attendance bout), and (3) average number of foraging trips per day
(trip frequency).
The Cape gannet is a monomorphic species, so sexes could not be distinguished in
the field. Therefore we collected some feathers of one bird per nest for later sex deter-
mination through DNA analyses (see Fridolfsson & Ellegren 1999 for detailed
methods). To verify the sexing method we collected feathers from both parents of 10
nests. All pairs consisted of two sexes.
Chick growth
We measured bill and wing length of study chicks at 5–7-day intervals. Body mass
was measured to the nearest 5 g (<1 kg) or 25 g (>1 kg) with Pesola spring balances.
Each date, we weighed chicks at fixed times and in the same sequence. Chicks were
fitted with colour rings after 3–4 weeks, depending on tarsus size. Chick age was esti-
mated from the first measurement of each chick, using algorithms derived from 103
known aged chicks from Navarro (1991). If wing length was < 40 mm, age was
computed by age = –ln ((89.78 – b / 6.15 x b) / 0.086) + 0.5 days, where b is bill length
in mm. For chicks with wings ≥ 40 mm, age was computed by age = 1.395 – ln (ln
(588.8 / w) / 0.0264) + 0.5 days, where w is wing length in mm. Age was then calcu-
lated by adding the actual number of days that passed since the first measurement.
We calculated growth indices (z-scores) from the mass increments of each chick, as
departures from average growth (Box 2.1). This growth index is independent of chick
age. For each interval we averaged growth indices for all chicks from the study nests.
In total we obtained growth data for 132 chicks (n = 47, 12, 40 and 33 for each study
period respectively) from which we calculated 434 growth indices.
Survival was calculated as daily survival rate, to correct for differences in length
of the observational periods, and expressed as weekly survival rates. Chicks that did
not survive were assigned to one of three categories; 1) died without being predated
(called starved), 2) taken while at least one parent was present at the nest (predated)
or 3) died of weather conditions or predated while no parent was present at the nest
(abandonment). We cannot exclude the possibility that “starved” chicks died from
other causes (for example from a virus infection).
Statistical analyses
Results are presented as mean ± standard deviation. We have no sex-specific data on
parental behaviour in February 2006. Therefore we first present the averages of the
behaviours, body condition and chick growth for all four periods and then look in
more detail into the three study periods of which we do know the sexes of the adults.
Chick survival was analysed using a logistic regression. Multilevel models were used
to take repeated measures and dependent observations into account for chick growth
(individual and observation as levels) and parental behaviour (nest, individual and
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observation as levels). Significance levels were calculated with restricted iterative
generalized least squares (RIGLS). Body mass divided by wing length was used as an
index of body condition (Lewis et al. 2006) and regressed on the onset of breeding
(Linear regression: chick age r2 = 0.08, F1,193 = 16.6, P < 0.001), after which we used
residual body condition. During the three study periods for which we know the sex
of each adult, we collected data from 204 different birds, concerning 2482 foraging
trips and 2380 nest attendance bouts. Behavioural response variables were ln-trans-
formed. Average chick age differed between the study periods (One-way ANOVA
F3,123 = 22.3, P < 0.001, Table 3.1) and was included as a covariate in statistical models
exploring parental behaviour. All multilevel models included sex and study period
(n = 3) as factors and chick age as a covariate. To test the relationship between
parental behaviours and chick growth or survival, we either averaged (trip duration
and attendance bouts) or summed (trip frequency) behaviours for both sexes per nest
for the same intervals as the growth increments, so parental behaviour and chick
growth could be related to each other for the same period. Included in these models
were study period as a factor and chick age and behaviour (attendance bout and trip
frequency) as covariates. The models that looked at the association between parental
behaviour and chick growth or survival were compared by calculating the Deviance
Information Criterion (DIC). This is a generalisation of the Akaike Information
Criterion (AIC), derived through Markov Chain Monte Carlo (MCMC) methods, and
used to compare multi-level models. Models with the lowest DIC fit best, as with the
AIC (Spiegelhalter et al. 2002).
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Chicks Females Males
Age (d) n Mass (g) Condition n Mass (g) Condition n
December 2005 19.6 (10.4) 47 2636 (221) 5.67 (0.43) 44 2524 (256) 5.43 (0.55) 48
February 2006 41.9 (18.3) 33
December 2006 8.1 (6.7) 14 2700 (167) 5.68 (0.36) 14 2621 (220) 5.49 (0.46) 14
February 2007 22.3 (12.3) 40 2541 (164) 5.37 (0.34) 34 2482 (165) 5.32 (0.35) 37
Table 3.1. Mean age (SD) of Cape gannet chicks and mean mass and body condition (mass/wing
length) of parents per sex at the beginning of each study period in 2005/06 and 2006/07.
RESULTS
Chick growth and survival
In 2005/06 chick growth increased from 19 December until 9 January, then decreased
(Fig. 3.1). At the end of February growth rates were similar to those of January, but
they decreased in the last two weeks of the study period. In 2006/07 chick growth
rates in December were within the range of growth the year before (Fig. 3.1). In
February growth was slower than earlier in that year and decreased even more in the
last week, but it was similar to growth in the year before at that time. Chick growth
differed significantly between years and weeks (Multilevel model: year χ2 = 7.1, P =
0.008; week χ2 = 57.3, P < 0.001) and decreased during both years (Multilevel model:
year n.s.; season half χ2 = 24.6, P < 0.001; interaction n.s.).
Weekly survival of the study chicks was better in 2005/06 than in 2006/07 (98.8%
and 92.6% respectively). In 2005/06 weekly survival of the study chicks was constant
and high throughout the breeding season; 98.8% in both study periods. In 2006/07
survival decreased from 97.0% in December to 90.8% in February. Survival tended to
be higher early in the breeding season, but not significantly so (98.4% in December
and 94.7% in February, Logistic regression: year χ2 = 15.8, P < 0.001; season half χ2 =
3.2, P = 0.072, interaction n.s.). Survival was lower for chicks with slow growth rates
and of younger age (Logistic regression: growth χ2 = 7.2, P = 0.007; chick age χ2 =
38.9, P < 0.001). The average age at which chicks died was 25.9 days (± 9.2, n = 23,
range   14 – 56).
Parental body condition
The initial body mass of adults did not differ between years (2005/06: 2580 g ± 247.0,
n = 140; 2006/07: 2552 ± 186.1, n = 105) and was lower at the end of 2006/07 (GLM:
chick age n.s.; year n.s.; season half F1,239 = 5.1, P = 0.025; year x season half F1,239 =
6.0, P = 0.015). Wing length was longer in 2006/07 compared to 2005/06, but
decreased from early to late 2006/07 (GLM: year F1,237 = 33.7, P < 0.001; season half
F1,237 = 6.1, P = 0.014; interaction F1,237 = 4.7, P = 0.031). Body condition (mass/wing
length) did not differ between the two breeding seasons, but was significantly lower
later in the year. Female body condition was on average 6.45% greater than male
body condition (Table 3.1) and body condition decreased with increasing chick age
(GLM: year n.s.; sex F1,187 = 6.5, P = 0.012; season half F1,187 = 5.4, P = 0.021; chick age
F1,187 = 11.9, P = 0.001).
Parental behaviour
As we do not know the sexes of the parents in February 2006, we first compared the
average behaviour of all birds with the means of February 2007. Foraging trips were 6
h shorter in February 2006 compared to February 2007 (28.2 and 34.3 h respectively,
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Multilevel model: χ2 = 8.5, P = 0.003) and birds stayed 5 h shorter on the nest (16.3
and 21.4 h respectively, χ2 = 20.1, P < 0.001).
In the three study periods with parents of known sex, both trip duration and
attendance bouts decreased with increasing chick age, so nest visitation rates
increased when chicks became older (Table 3.2). Females made longer trips and
shorter attendance bouts than males and consequently males had higher nest visita-
tion rates (Fig. 3.2, Table 3.2). In February 2007 (the year for which we have sex-
specific data), trip durations of female gannets were elevated by 59% compared to the
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Figure 3.1. Mean standardised Cape gannet chick growth and standard errors for each interval
(4–7 days). The lines represent the mean growth per study period.
Table 3.2. Multilevel mixed-models testing the main effects on parental behaviours of Cape
gannets in 2005/06 and 2006/07. Coefficients (B) indicate direction of effects, relative to the refer-
ence category. Weeks coincide with growth interval of the chicks.
A) Trip duration (h) B)  Attendance bout (h) C) Trip frequency (per d)
df B  (SE) χ2 P B   (SE) χ2 P B   (SE) χ2 P
Intercept 1 3.26 (0.07) 1974.8 < 0.001 3.40 (0.07) 2584.9 < 0.001 –1.13 (0.06) 380.2 < 0.001
Sexa 1 40.9 < 0.001** 5.5 0.020* 28.9 < 0.001**
males –0.32 (0.05) 0.09 (0.04) 0.15 (0.03)
Week 8 64.3 < 0.001** 30.8 < 0.001** 104.4 < 0.001**
Chick age 1 –0.01 (0.002) 14.2 < 0.001** –0.03 (0.002) 151.0 < 0.001** 0.01 (0.002) 37.6 < 0.001**
areference category is females
mean of December 2006 (December 2006: 27.0 ± 10.4, n = 66; February 2007: 43.6 ±
38.9, n = 280) and were 17.5 h longer than male trip duration (males: 26.1 ± 26.2, n =
370). Male trip duration increased to 33.9 h in the last week. The sex differences in
trip frequency were not constant between weeks. Male gannets increased their trip
frequency faster with increasing chick age than females (Multilevel model: sex x
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Figure 3.2. Sex-specific means and standard errors of A) trip duration, B) attendance bouts, and
C) trip frequency of Cape gannets for two study years. No sex-specific data were available for the
second half 2005/06.
Chick growth in relation to parental behaviour and body condition
Parental trip duration was highly correlated with trip frequency (Pearson r = -0.617,
P < 0.001) and we therefore only looked at the association between chick growth and
trip frequency or attendance bouts. Attendance bouts and trip durations were posi-
tively correlated between the sexes (Bivariate correlations: attendance bout r = 0.540,
P < 0.001; trip duration r = 0.334, P < 0.001).
The model with trip frequencies separated per sex showed that paternal trip
frequency was associated with chick growth, but maternal trip frequency was not
(Multilevel model: maternal trip frequency B(SE) = 0.24(0.17), χ2 = 2.0, P = 0.155;
paternal trip frequency B(SE) = 0.44(0.17), χ2 = 6.8, P = 0.009, DIC 756.6). The model
that best explained the association between chick growth and trip frequency
combined the trip frequency for both sexes: chick growth was positively associated
with the number of parental nest visits (Table 3.3, DIC 755.7). Variation in attendance
bouts was not associated with variation in chick growth in any of the models (Table
3.3).
Chick growth in the first week after measuring parental body condition was posi-
tively associated with residual maternal body condition (Linear regression: residual
maternal body condition F1,86 = 4.3, P = 0.042). When study period was included in
the model the association between chick growth and maternal residual body condi-
tion was not significant (GLM: residual maternal body condition n.s.; study period
F2,84 = 3.5, P = 0.035). Both parental and paternal residual body condition were not
associated with chick growth, neither in any of the models with residual body mass
instead of residual body condition.
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Attendance bout (h) Trip frequency (per d)
df B (SE) χ2 P B (SE) χ2 P
Intercept 1 0.47 (0.72) 0.42 0.515 0.53 (0.15) 11.90 < 0.001
Study period 2 29.89 < 0.001 15.77 < 0.001**
Chick age (d) 1 –0.01 (0.005) 1.18 0.277 –0.01 (0.005) 7.34 0.007**
Parental behaviour 1 –0.03 (0.19) 0.023 0.879 0.65 (0.21) 9.65 0.002**
Table 3.3. Multilevel mixed-models testing the main effects on Cape gannet chick growth for
behaviour of both parents combined in 2005/06 and 2006/07. Parental behaviours are attendance
bout (h), and trip frequency (d-1). Coefficients (B) indicate direction of effects, relative to the inter-
cept. Study periods indicate the three periods in which the sex of the parents is known in 2005/06
and 2006/07.
Chick survival in relation to parental behaviour and body condition
Chick survival was reduced when parents visited the nests less frequently (Fig. 3.3,
Table 3.4A). Chick survival was significantly associated with maternal trip frequen-
cies (B(SE) = 2.34 (1.0), χ2 = 5.51, P = 0.019), but not with paternal trip frequency
(B(SE) = 1.49 (0.9), χ2 = 2.59, P = 0.107). Despite the positive correlation between the
trip frequencies of both sexes, the model with only maternal trip frequency showed
the lowest DIC (0.43 vs. 0.58 for the parents combined).
The best model explaining variation in chick survival from variation in attendance
bouts was the model with the behaviour of the sexes separately; when males had
increased attendance bouts their chicks had lower survival chances (Table 3.4B, DIC
0.74), but there was no association with maternal attendance bouts. The estimates of
the sexes differed in direction, indicating different consequences of parental behav-
iour for chick survival. Also when tested in separate models, paternal attendance
bouts were associated with chick survival (Multilevel model: B(SE) = -2.44 (1.1), χ2 =
5.40, P = 0.020), whereas maternal bouts were not (Multilevel model: B(SE) = 0.46






























Figure 3.3. Survival of Cape gannets as a function of trip frequency by logistic modelling. The top
panel gives the frequency distribution for successful and unsuccessful nests as fraction of total
per category.
Survival of chicks was not associated with either parental or paternal residual
body condition, but tended to be reduced if maternal residual body condition was
reduced as well (Logistic regression: residual maternal body condition: χ2 = 3.8, P =
0.051). None of the models that included study period showed any significant associ-
ation between chick survival and residual body condition and residual body mass of
parents combined or separated.
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Attendance bout (h) Trip frequency (per d)
df B (SE) χ2 P B (SE) χ2 P
A
Intercept 1 11.23 (4.92) 5.23 0.022 2.85 (1.41) 5.22 0.022
Study period 2 16.74 < 0.001** 14.31 0.001**
Chick age (d) 1 0.09 (0.04) 3.88 0.049* 0.12 (0.04) 12.61 < 0.001**
Parental behaviour 1 –2.53 (1.29) 3.84 0.050* 2.99 (1.26) 5.61 0.018*
B
Intercept 1 9.14 (4.59) 3.97 0.046 5.04 (1.82) 7.64 0.006
Study period 2 15.72 < 0.001** 13.07 0.001**
Chick age (d) 1 0.11 (0.05) 5.91 0.015* 0.14 (0.04) 12.51 < 0.001**
Maternal behaviour 1 0.70 (0.78) 0.80 0.370 2.24 (1.04) 4.62 0.032*
Parental behaviour 1 –2.63 (1.09) 5.89 0.015* 1.12 (0.98) 1.29 0.256
Table 3.4. Multilevel mixed-models testing the main effects on Cape gannet chick growth for
behaviour of both parents combined in 2005/06 and 2006/07. Parental behaviours are attendance
bout (h), and trip frequency (d-1). Coefficients (B) indicate direction of effects, relative to the inter-
cept. Study periods indicate the three periods in which the sex of the parents is known in 2005/06
and 2006/07.
n Weekly Starvation Predation Abandonment
survival
December 2005 49 98.8% 3 (100%) 0 0
February 2006 33 98.8% 0 2 (100%) 0
December 2006 14 97.0% 0 2 (100%) 0
February 2007 41 90.8% 1 (6.25%) 4 (25%) 11 (68.75%)
Total 137 96.5% 15.4% 30.8% 53.8%
Table 3.5. Weekly survival rates of Cape gannet chicks from Ichaboe during 2005/06 and
2006/07. The three causes of death of our study chicks and their absolute and relative contribu-
tion to the number of mortalities in each study period are indicated.
Nest absences and predation
We could not statistically demonstrate that the level of parental non-attendance was
associated with chick survival. We do have several indications, however, that atten-
dance is important for chick survival. In February 2007 chicks were left alone by the
parents after which they either died of cold temperatures (4 cases) or were predated
by kelp gulls (7) (Table 3.5). Chicks younger than 30 days that were left alone were
usually killed by kelp gulls within a few hours. For two “predated” chicks we do not
know whether they were abandoned and then predated, or were predated and then
the attending parent left. Chicks that did not survive were left unattended for the first
time when they were on average 10 days younger than surviving chicks (21.2 and
31.6 d respectively, One-Way ANOVA: F1,52 = 32.2, P < 0.001).
DISCUSSION
We studied behavioural responses of Cape gannets to changes in their prey environ-
ment and associated this behaviour with growth and survival of their offspring. The
duration of foraging trips of breeding gannets increased from 2005/06 to 2006/07,
indicating a decrease in food availability between these breeding seasons. The provi-
sioning rates to the chicks and the level of attendance decreased in 2006/07, as did
chick growth and survival. Chicks were left alone at a younger age and became
vulnerable for weather condition and predation. Predation of chicks by kelp gulls
increased in 2006/07 and impacted strongly on the survival of chicks in the colony.
When foraging trips were on average long, parental behaviour was directly associ-
ated with chick growth and survival likely due to reduced provisioning rates, but
also through increased predation on chicks that were left unattended.
Chick growth and survival
Unfortunately, no data on food availability in the Namibian waters were available, so
we could only derive indirect estimates of changes in food availability. When
foraging conditions become poorer, trip durations and foraging ranges of breeding
animals increase concomitantly (Boyd et al. 1994, Suryan et al. 2002, Kowalczyk et al.
2006). The longer foraging trips in 2006/07 compared to 2005/06 would suggest
lower food availability around Ichaboe in 2006/07. This interpretation is consistent
with the delayed onset of breeding by both Cape gannets and Cape cormorants in
2006/07.
The longer foraging trips in 2006/07 were associated with slower chick growth
and decreased survival in 2006/07 compared to 2005/06. Within both years chick
growth decreased during the breeding season. In the first year the reduced growth
was not associated with decreased survival rates, which remained high throughout
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the year (98.8%). In February 2007 however, the weekly survival rates decreased with
8%, which was associated with slower chick growth, but also with reduced provi-
sioning rates of the parents. The decreased growth and survival rates of the chicks in
concert with the increased foraging trip duration of the parents in 2006/07 suggest
adverse changes in the environment like food shortage during which parents could
not sustain the increasing energy demands of their offspring.
Sex-specific foraging behaviour
In Cape gannets the parental behaviours of both sexes were positively correlated, but
averaged over two years, males made considerably shorter foraging trips (21.1 h) and
visited the nest more often (0.56 visits per day) than females (29.7 h trips; 0.48 visits
per day). In the closely related northern gannets (Morus bassanus) the sexes do not
differ in trip duration, but females make longer and deeper dives and spend more
time at the sea surface than males (Lewis et al. 2002). The differences in foraging
behaviour may suggest different roles for the sexes. Longer foraging trips of female
gannets may indicate that they explore different feeding grounds (Weimerskirch
1993, González-Solís et al. 2000, Weimerskirch et al. 2006), thereby possibly reducing
intra-specific competition at the feeding sites near the colony (e.g. Hunter 1983).
During the presumed deterioration of the food situation, female gannets increased
their trip duration by 59%, several weeks before the males increased theirs. The
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Photo 3.1
decreased provisioning rates of both parents affected chick growth, but only the
reduced trip frequencies of mothers were positively associated with chick survival.
Foraging strategies should maximize the chances of finding local sites of high food
availability in order to minimize the energetic costs of foraging (Parrish et al. 1998). If
good quality prey shifts to more distant sites, females possibly attempt to follow such
prey and increase trip duration. Males responded by staying longer at the nest with
the chick, hence the association between male attendance bouts and chick survival.
Short intervals between consecutive feedings and the regularity of food deliveries are
important in optimizing seabird chick growth (Schaffner 1990, Weimerskirch et al.
2000b, Gray & Hamer 2001). Only in nests where females managed to keep their trip
frequency high, the offspring managed to survive. The evolutionary significance of
sex-differences in foraging behaviour in monomorphic species like the Cape gannet
remains a puzzle (Lewis et al. 2002) and we need at-sea data to look into this more
specifically.
Parental behaviour, chick growth and survival
We suggest the following scenario for the two breeding seasons in which we collected
data, based on our field experience and our results (Fig. 3.4). Under favourable condi-
tions in 2005/06 (shorter foraging trips and higher chick growth rates and survival)




















Figure 3.4. Behavioural diagram showing the interactions between food availability, parental
behaviour and chick growth and survival of Cape gannets and the dynamics with other seabird
species. We have no direct data on food availability (hence the dashed arrows), but strong
evidence that food availability drives these processes.
increasing chick energy demands. When conditions were less favourable in 2006/07,
female gannets substantially increased their trip duration. Consequently males had to
stay longer at the nest when chicks were at an age that they still needed brooding for
thermoregulation or protection against predators. As a result the total provisioning
rate to the chick declined and chicks showed reduced growth rates and survival.
Cape cormorants normally breed in large numbers on Ichaboe Island (Crawford et al.
2007b). Kelp gulls mainly predate cormorant eggs, paying little attention to gannets.
In 2006/07 the Cape cormorants delayed breeding, most likely due to decreased food
availability. This led to kelp gulls increasing their predation pressure on the gannets.
Gannet parents with young chicks had two options; either stay at the nest to protect
their chick, which then had increased chances to starve, or leave their chicks to
increase provisioning rates, giving kelp gulls the opportunity to predate their
offspring. From our data it appeared that gannet parents left their chicks to increase
food intake, apparently not to jeopardize their own survival (Williams 1966). This
mechanism is also found in Arctic skuas (Stercorarius parasiticus) (Davis et al. 2005);
low food availability forced skuas to increase their foraging effort and decrease atten-
dance rates, which in turn increased the predation pressure by great skuas
(Catharacta skua).
Conclusions
Cape gannets breeding in the Benguela ecosystem are limited in their foraging behav-
iour by food abundance and it was suggested that gannets are foraging at their ener-
getic boundaries (Lewis et al. 2006, Pichegru et al. 2007). We found that parental body
condition did not differ between the years, indicating that even when food conditions
were poor parents remained at similar body mass as in favourable years. In this way,
allocation decisions in poor years favoured the survival of parents above increased
foraging effort for the young. This parental response seemed the underlying cause of
the reduced reproductive output of the whole breeding colony in poor foraging
years. Conservation measures in the breeding colonies, by actively keeping kelp gulls
away from Gannet nests, would therefore be insufficient to enhance the breeding
success of Cape gannets. If local food availability does not improve, the decline in
Cape gannet population numbers is unlikely to reverse.
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Reproductive effort in bi-parental care:





Life history theory predicts a trade-off between current and future reproduction,
such that long-lived species should not increase their reproductive effort at a cost to
their own survival. In species with long term pair bonds and bi-parental care, each
parent must balance its reproductive investment against that of its partner. While
the effects of “handicapping” studies on the focal individual are sometimes difficult
to interpret, they are a powerful approach for investigating compensatory responses
of the partner. In the present experiment, we manipulated flying ability of one
parent in long-lived Cape gannets (Morus capensis), thereby indirectly increasing
the demands on reproductive effort of the unmanipulated partner. Handicapped
birds doubled their foraging trip duration and reduced nest attendance. Their part-
ners showed behavioural compensation via increased nest attendance for chicks
younger than 30 days and increased foraging trip frequency for older chicks. The
behavioural responses of partners did not fully compensate for the reduced care of
handicapped adults. For manipulated nests, overall foraging trip frequency was
21% lower, chicks were left unattended at 5 days younger, and their growth and
survival was reduced compared to control nests. Handicapped adults lost 10% of
their body mass during the experiment, but their partners showed no decrease in
body mass. We observed no differences in survival between handicapped birds,
their partners or controls. Our results show that long-lived Cape gannets can
increase current reproductive effort when needed, without negative effects on
body condition or survival. The reduced care of one parent was partly compen-
sated for by its partner, and remaining costs were borne by the chick.
INTRODUCTION
Two concepts central to life history theory are that natural selection acts to maximize
individual fitness, and that fitness trait combinations are constrained by trade-offs
(Fisher 1930, Roff 2002). A key example is the trade-off between reproduction and
adult survival. Increased reproductive effort can enhance reproductive success
through improved chick growth and survival (Roff 2002), but at the same time may
compromise adult survival (Dijkstra et al. 1990, Hanssen et al. 2005). In species with
bi-parental care, an individual must balance its own effort against that of its partner
(Trivers 1972, Drent & Daan 1980). If one parent decreases its care, its partner should
compensate in order for the offspring to survive (Houston & Davies 1985), but may
thereby risk decreasing its own survival prospects (e.g., Dijkstra et al. 1990). For long-
lived species, which have many breeding opportunities, lifetime reproductive success
is marginally affected by the success of individual breeding attempts. Long-lived
species should therefore exercise restraint in increasing current reproductive effort at
the cost of survival and future reproduction (Williams 1966, Goodman 1974, Drent &
Daan 1980).
Consequences of the trade-off between reproduction and adult survival can be
studied experimentally by increasing reproductive costs to parents by means of
“handicapping” (e.g., Linden & Møller 1989, Wright & Cuthill 1989, Markman et al.
1995, Sanz et al. 2000). Appendix 4.1 gives an overview of handicapping studies in
which flight costs were increased in long-lived seabird species. Several of these
studies have confirmed the theoretical prediction that parents should prioritize them-
selves over their chicks: handicapped parents maintained their body condition, while
their offspring showed reduced growth, body condition and/or survival. However,
increases in reproductive effort without negative effects on offspring growth and
survival have also been reported (Appendix 4.1). Several studies have interpreted a
reduction in body condition of handicapped birds as the result of increased reproduc-
tive effort (Weimerskirch et al. 1995, Weimerskirch et al. 2000c, Velando 2002, Nisbet et
al. 2004, Paredes et al. 2005). However, changes in body mass may reflect functional
adjustments of wing loading rather than deleterious effects (Norberg 1981, Lind &
Jakobsson 2001) and in such cases reproductive effort may remain constant or even
decrease. Since body mass can be subject to such mitigating factors, it is important to
also measure reproductive effort via behavioural responses. Moreover, to avoid meas-
uring effects of confounding factors resulting directly from the manipulation, handi-
capping one parent is preferred over handicapping both. The decreased parental care
of handicapped birds indirectly increases the demand on reproductive effort of the
unmanipulated partner, allowing for firm conclusions based on the unmanipulated
partner’s body mass changes and behaviour.
We know of two studies in which one parent was handicapped and changes in
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body condition and behaviour were recorded for its partner. Antarctic petrels
(Thalassoica antarctica) did not compensate or lose body mass when their partners
were handicapped, resulting in increased chick mortality (Saether et al. 1993). Thick-
billed murres (Uria lomvia) whose partners were handicapped showed behavioural
compensation, resulting in equal chick fledging success compared to controls and no
reduction in re-sighting rate in the following breeding season (Paredes et al. 2005).
Conclusions on the trade-off between adult survival and reproduction based on these
studies remain equivocal for several reasons. Saether et al. (1993) investigated
foraging load as compensatory behaviour, without recording behaviours such as
feeding frequency. Furthermore, since the petrels had to fly at least 200 km to their
feeding site, the unmanipulated partners of handicapped birds were limited in their
ability to effectively compensate by increasing provisioning rates. Paredes et al. (2005)
handicapped birds for only 1–4 days. During such a short period, it may have been
possible for unmanipulated partners to increase reproductive effort without detri-
mental effects on their survival; a different outcome might have resulted from a
longer manipulation. Furthermore, over such a short handicapping period negative
effects on chick fledging success were unlikely to be apparent, and changes in chick
mass would have been a more appropriate measure. Thus, there is need for further
behavioural data on whether long-lived species are willing to increase reproductive
effort, at a potential cost to their own survival, or instead shunt increased reproduc-
tive costs onto their chicks.
In this study we sought to understand the aforementioned trade-off by means of a
handicapping experiment on Cape gannets (Morus capensis). The Cape gannet is a
pelagic seabird species with postponed sexual maturity, bi-parental care, a modal
clutch size of one egg, slow chick development and high adult survival rates (Nelson
1978). By handicapping one parent, we increased the demands on its partner’s repro-
ductive effort without artificially restricting its foraging or flight abilities. We
recorded both adult’s provisioning behaviour and nest attendance throughout a 31
day period, as well as chick growth and survival. We predicted that handicapped
Cape gannets would show reduced parental care, and that their partners would show
restraint in the degree to which they compensated by increasing reproductive effort.
In this long-lived species the increased reproductive costs would be transferred to
chick growth and survival, rather than adult body condition and survival.
METHODS
The study was conducted at Ichaboe Island (Namibia 26°29’S 14°94’E) between 14
December 2005 and 20 January 2006. The breeding colony consisted of approximately
8700 Cape gannet pairs (Crawford et al. 2007a).
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At the periphery of the colony we randomly selected 75 nests containing chicks of
various ages (range 1–52 days). We captured the adult present on the nest and
marked its back feathers yellow with picric acid to facilitate observations. Adults
were ringed with a steel ring on the right tarsus. The lengths of the bill, head and
tarsus were measured to the nearest 0.1 mm, the length of the flattened wing chord to
the nearest mm, and body mass was recorded to the nearest 25 g. Marked adults from
26 nests were handicapped by taping together the two outer primary feathers on both
wings at two positions with Tesa tape (Tesa® , Beiersdorf AG, Germany, photo 4.1),
thereby increasing wing loading and decreasing flight efficiency (Pennycuick 1989).
All unmanipulated nests (49) were used as controls. After capturing and marking the
first adults, we captured all partners within three days and measured their structural
sizes and body mass. These birds were also ringed on the right tarsus, and were fitted
with a plastic colour ring at the left tarsus for identification purposes. Birds were
captured and measured at fixed times per day to avoid overestimating adult body
mass (from 9 AM - 11 AM and 4 PM - 6 PM). The average chick age at the start of the
experiment, which was 17 days in the control group (± 10.5, n = 49, range = 1-42) and
20 days in the experimental group (± 13.7, n = 26, range = 2-52), did not differ
between treatment groups (One-way ANOVA: F1,73 = 1.35, P = 0.250).
Cape gannets are sexually monomorphic and sex was determined by isolating
DNA from breast feathers taken from the first caught adult (for detailed methods see
Fridolfsson & Ellegren 1999). The overall sex ratio (males/females) of marked indi-
viduals was 0.48 (39 females, 36 males), specifically 0.55 in the control group (22
females, 27 males) and 0.35 in the handicapped group (17 females, 9 males). These sex
ratios were not different from 0.50 (Chi-square tests: marked birds χ2 = 0.12, P = 0.726;
control χ2 = 0.51, P = 0.475; handicap χ2 = 2.46, P = 0.117), nor from each other
(Multinomial regression: χ2 = 6.03, P = 0.110).
We recorded nest attendance at each study nest once every hour from sunrise to
sunset (5 AM - 7 PM) for 31 days. Cape gannets in this colony make foraging trips of
about 36 h on average (Lewis et al. 2006) during which the partner stays at the nest
when the chick needs guarding. Gannets are visual hunters and do not forage at
night (Ropert-Coudert et al. 2004b). Therefore, if a difference in nest attendance was
observed between sunset and sunrise, we assumed the change in occupation had
occurred soon after sunset. From the observational data on nest attendance we calcu-
lated six response variables: (1) time between leaving the nest and returning (trip
duration, h), (2) time between arriving at and leaving the nest (attendance bout, h),
(3) average number of times per day an adult left the nest (trip frequency), (4) fraction
of time each adult was at the nest (nest attendance), (5) time between either parent
returning to the nest (feeding interval, h) and (6) fraction of total time the chick was
unattended at the nest (non attendance). To quantify the extent to which compensa-
tion occurred, we also analysed the sum of nest attendance and trip frequency of both
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parents per nest. During the study period we obtained data on 2244 foraging trips
and 2177 attendance bouts from which we calculated all foraging and nesting behav-
iours. We calculated a measure of relative reproductive effort by correcting trip
frequency for chick age (controlling for differences in the onset of breeding) and
experimental group (residual reproductive effort (RE); GLM: r2 = 0.54, F7,132 = 22.5,
P < 0.01).
Once per week, we measured chick bill and head length to the nearest 0.1 mm and
flattened wing chord length to the nearest mm. Body mass under 1000 g was meas-
ured to the nearest 5 g, and over 1000 g to the nearest 25 g. We started measurements
at the same time of day and measured chicks in the same sequence each measure-
ment day. Chick age (in days) was estimated with bill and wing length at the first
measurement (see chapter 2). Chick growth was analysed using a non-parametric
analysis in which growth was scaled to represent the number of standard deviations
above or below average growth rate (Box 2.1).
At completion of the experiment we caught as many adults as possible (110 birds),
removed the handicap and plastic colour rings and recorded final body mass. The
change in body mass over the experimental period was averaged per day (mass
increment per day, MID in g). In the following breeding season (between 17
December 2006 and 5 March 2007), we retrapped as many experimental birds as
possible and calculated re-sighting probabilities. Cape gannets are faithful to their
breeding site, so re-sighting probability approximates local survival (Klages 1994).
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Photo 4.1 (Allert Bijleveld)
Ethical considerations
We wanted to simulate periods of poor food availability in order to detect behav-
ioural responses in breeding Cape gannets. Insights in their behaviour can be used
for conservation measures. After considering several experimental handicapping
methods (e.g., extra weight and clipping flight feathers), we decided on the novel
procedure of taping together the outermost two flight feathers of each wing. This
method has the advantage of being immediately reversible, since the tape could be
removed without damage to the feathers. Furthermore, it is non-permanent, whereas
applying extra weight will remain a handicap if the individual is not recaptured and
clipping the flight feathers is irreversible until the feathers moult. Two birds that were
not recaptured were monitored by the staff on the island, and we observed that the
tape wore off by itself. The chicks of adults from whom the handicap was removed
were all re-sighted one month after the experiment, as were the two chicks of the
gannets of which the tape wore off by itself. This suggests that once the handicap was
removed, the parents could resume normal behaviour and successfully rear their
chicks. Cape gannets showed the same behavioural responses to a natural deteriora-
tion in food conditions as in this experiment one year later (see chapter 3), which we
could not foresee. Research on Ichaboe Island was conducted under permission from
the Namibian Ministry of Fisheries and Marine Resources.
Statistical analyses
Normality of residuals was judged by visual inspection (Miller 1986). To normalise
residuals the response variables were either ln-transformed or arcsine-square-root-
transformed in case of fractions. To obtain a representative and accurate quantifica-
tion of behaviours, we omitted nests if both parents did not make at least two
foraging trips while their chick was alive (n = 5). For analyses of chick mortality and
adult re-sighting probability, all nests were included (n = 75). Response variables
were analysed in a multilevel hierarchical modelling procedure in MLwiN 2.02 with
nest (n = 70), individual parent (n = 140) and observation as levels. Multilevel models
were used in order to control for repeated observations of individuals within nests.
Even with a multi-level analysis dependency between parents within a control nest
might exist: we therefore additionally analysed the data for one randomly selected
parent from each control nest. The outcomes from these analyses were similar to the
outcome when using both parents of control nests. We present the results from
models including both parents to show all measured variables and individuals. The
explanatory variables in the models were sex and treatment (control, handicapped or
partner) as factors and chick age as covariate. Included interactions were: treatment x
chick age, treatment x sex and sex x chick age. We used stepwise backwards deletion
to remove non-significant variables and interactions. In these models female controls
equalled the intercept, and predictors can be derived by adding the coefficients of the
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explanatory variables of interest (see appendix). Significance levels were calculated
with restricted iterative generalised least squares (RIGLS). Response variables of the
summed parental behaviours were tested in a model with treatment (control or
manipulated) as a factor, mean chick age per growth interval as a covariate and their
interaction. Chick mortality and adult re-sighting probability were analysed using a
Generalised Linear Model (GLM) with a binomial distribution and a logit-link
function.
RESULTS
Reproductive effort: individual parents
Handicapped birds doubled their foraging trip duration compared to control birds,
but their partners did not alter their average trip duration (Fig. 4.1A). With increasing
chick age, trip duration decreased in each treatment group equally. Female gannets
made longer foraging trips than males (control birds: females 26.3 h, SE +1.35, –1.28;
males 20.6 h, SE +1.06, –1.01), but there was no sex difference in age-related changes
in trip duration (Multilevel model: treatment χ2 = 86.1, P < 0.001; sex χ2 = 24.6, P <
0.001; chick age χ2 = 52.4, P < 0.001; treatment x chick age χ2 = 0.20, P = 0.906; sex x
chick age χ2 = 0.25, P = 0.881, Fig. 4.1A).
Trip frequency was reduced for handicapped birds (0.31 trip d-1, SE ±0.03)
compared to controls (0.44 trips d-1, SE ±0.04). In all three treatment groups, parents
made more trips per day when chicks got older, but partners of handicapped birds
increased their trip frequency at a faster rate than control birds (Fig. 4.1B). Male trip
frequency was higher than that of females (control birds: females 0.44 trips d-1, SE
±0.01; males 0.50 trips d-1, SE +0.02, –0.01), but changes with chick age did not differ
between the sexes (Multilevel model: treatment χ2 = 24.9, P < 0.001; sex χ2 = 20.0,
P < 0.001; chick age χ2 = 21.0, P < 0.001; treatment x chick age χ2 = 22.5, P < 0.001;
sex x chick age χ2 = 1.4, P = 0.232, Fig. 4.1B).
Handicapped birds did not differ from control birds in average duration of atten-
dance bouts, but their partners stayed longer at the nest (Fig. 4.1C). In each treatment
group the duration of attendance bouts decreased as chicks got older. Partners of
handicapped birds stayed longer at the nest when chicks were young (≤ 30 days old)
and showed a steeper decrease in attendance bouts with increasing chick age than
control birds (Fig. 4.1C). No differences in attendance bouts, or their rate of decrease
with chick age, were detected between the sexes (Multilevel model: treatment χ2 =
17.2, P < 0.001; sex χ2 = 1.1, P = 0.295; chick age χ2 = 76.6, P < 0.001; treatment x chick
age χ2 = 13.8, P < 0.001; sex x chick age χ2 = 0.04, P = 0.838, Fig. 4.1C).
As a consequence of the increased trip durations of handicapped birds and the
increased attendance bouts of their partners, nest attendance was lower for handi-
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capped birds and higher for their partners compared to control birds (Fig. 4.1D). Nest
attendance decreased with chick age for all treatment groups, at the same rate for
handicapped and controls, but steeper for partners of handicapped birds (Fig. 4.1D).
Male gannets showed greater nest attendance than females (control birds: females
0.56 fraction of total time, SE ±0.02; males 0.67, SE ±0.02) and a significant treatment x
sex interaction revealed that handicapped males’ nest attendance was higher than
attendance of handicapped females (Multilevel model: treatment χ2 = 78.6, P < 0.001;
sex χ2 = 26.9, P < 0.001; chick age χ2 = 39.0, P < 0.001; treatment x chick age χ2 = 13.8,
P < 0.001; sex x chick age χ2 = 0.06, P = 0.807; treatment x sex χ2 = 7.8, P = 0.020, Fig.
4.1D). See Appendix 4.2 for detailed outcome of all statistical models.
Reproductive effort: parents combined
Trip frequency was reduced for manipulated nests compared to control nests (control
0.86 trips d-1, SE ±0.03; manipulated 0.68 trips d-1, SE +0.03, –0.02), but increased with
chick age at the same rate as control nests (Multilevel model: treatment χ2 = 40.6,
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Figure 4.1. Parental behaviours at an individual level. Four behaviours are presented: (A) trip
duration (h), (B) trip frequency (d-1), (C) attendance bout (h), and (D) nest attendance (fraction of
time). Parental behaviours were related to chick age (in days) for control (dashed line), handi-
capped (thin line) and partners of handicapped adults (thick line). For the purposes of represen-
tation, all behaviours and chick ages were averaged over the total experimental period.
Fig. 4.2A). Consequently, chicks from manipulated nests spent a longer time in
between feedings than chicks from control nests (control 27.3 h, SE +2.81, –2.55;
manipulated 40.5 h, SE +4.17, –3.78). Feeding intervals decreased similarly with chick
age for both treatment groups (Multilevel model: treatment χ2 = 16.1, P < 0.001; chick
age χ2 = 47.9, P < 0.001; treatment x chick age χ2 = 2.8, P = 0.096, Fig. 4.2B). The frac-
tion of non attendance was larger in manipulated compared to control nests (control
0.80, SE ±0.02; manipulated 0.92, SE ±0.02) and non attendance increased equally for
both treatment groups when chicks got older (Multilevel model: treatment χ2 = 38.7,
P < 0.001; chick age χ2 = 237.9, P < 0.001; treatment x chick age χ2 = 0.05, P = 0.825,
Fig. 4.2C). See Appendix 4.3 for detailed outcome of all statistical models.






















































Figure 4.2. Parental behaviours at the nest level. Different panels represent: (A) mean trip
frequency (d-1), (B) feeding interval (h) and (C) non attendance (fraction of time). All behaviours
are related to chick age (in days) for control nests (dashed line) and manipulated nests (solid line).
Chicks from manipulated nests were left unattended for the first time at an
average age of 5.3 days younger than control nests (control 32.6 days ± 6.8; manipu-
lated 27.3 ± 4.0; One-way ANOVA: F1,49 = 6.6, P = 0.02). Additionally, control birds
were more often at the nest together (control 0.06 fraction of total time ± 0.03; manip-
ulated 0.03 ± 0.02; One-way ANOVA: F1,68 = 17.1, P < 0.001).
Chick growth and survival
Chick growth was slower in manipulated nests compared to control nests (control
0.12 deviations from standardised growth ± 0.88; manipulated –0.35 ± 1.02; t = 3.83,
P < 0.001, Fig. 4.3). Growth was positively related to trip frequency (d-1), which could
therefore be used as an estimate for chick feeding frequency (Mixed effect model:
intercept –0.58, coefficient 0.60, t = 2.4, r2 = 0.03, P = 0.020). Chick mortality was
higher in manipulated nests compared to control nests (control 6.1%; manipulated
26.9%; GLM: W1,73 = 5.5, P = 0.020). The chicks that died were all between 6 and 31
days old (average of 22 days). All but one of the dead chicks were found at the nest,
suggesting starvation or dehydration as opposed to predation as a cause of death.
Adult body condition and survival
Adult body mass did not differ between treatment groups at the beginning of the
experiment and female gannets were on average 94 g heavier than males (females
2620 g ± 211; males 2526 ± 276; GLM: treatment F1,138 = 1.0, P = 0.354; sex F1,138 = 3.8,
P = 0.052). Over the experimental period handicapped birds lost about 10% of their
body mass (9.14 g d-1), whereas control birds and partners of handicapped birds did
not lose body mass (Table 4.1). Adults that lost their chicks were on average 144
grams lighter at the beginning of the experiment than parents that had not lost their
chick (successful parents 2591 g ± 255; unsuccessful parents 2447 ± 175; One-way
ANOVA: F1,140 = 5.6, P = 0.019). Moreover, an adult’s change in body mass (MID, g d-1)
was negatively related to residual reproductive effort (RE) (GLM for controls: r2 =





















Figure 4.3. Average standardised Cape gannet
chick growth for control and manipulated nests
over the experimental period. Whiskers represent
the 10th/90th and boxes the 25th/75th percentile.
The lines represent median standardised chick
growth.
x residual reproductive effort. Mean chick growth over the experimental period was
positively related to residual reproductive effort averaged between control parents
(GLM: r2 = 0.15, F1,44 = 8.0, P = 0.007). After removing one outlier (0.33, –0.24) the
regression is given by chick growth = 0.12 + 2.43 x residual reproductive effort (GLM: r2 =
0.33, F1,43 = 20.9, P < 0.001, Fig. 4.4B).
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Figure 4.4. Estimation of the life
history trade-off between current
and future reproduction.
Standardised chick growth and
adult mass increment per day
over the experimental period
(MID in g d-1) are used as esti-
mates of current reproduction
and adult survival, respectively.
(A) MID is plotted against repro-
ductive effort (RE, see methods),
and (B) chick growth is plotted
against reproductive effort.
Control Handicap Partner
Mass 1 (SD) 2588 (246) 2748 (328) 2528 (251)
Mass 2 (SD) 2548 (188) 2446 (137) 2525 (239)
MID (SD) -1.27 (7.8) -9.14 (9.9) -0.05 (8.0)
N 82 12 16
t 1.44 3.19 0.05
P 0.154 0.009** 0.961
Table 4.1. Body mass change over the experimental period for control, handicapped and partners
of handicapped adults. Averages and standard deviations of adult mass at the beginning of the
experiment (mass 1), end of the experiment (mass 2) and adult mass increment per day over the
total experimental period (MID in gd-1). The t-statistics and P-values (** states significance at 0.01
level) are from paired sample t-tests comparing mass 1 and mass 2.
Re-sighting probabilities in the following breeding season were 0.69 for control
birds, 0.50 for handicapped birds and 0.62 for their partners. Re-sighting probability
did not differ significantly between treatment groups or sexes and neither residual
reproductive effort or MID was significantly associated with re-sighting probabilities
(Table 4.2).
DISCUSSION
Handicapping by altering flight ability caused long-lived Cape gannets to make
longer foraging trips and reduce their trip frequencies. In response to this reduction
in parental care, their unmanipulated partners increased nest attendance when they
had young chicks. Partners increased their foraging trip frequency with increasing
chick age, coinciding with increased chick energy requirements. Consistent with
predictions from life history theory, the behavioural compensation of unmanipulated
partners did not result in decreased average body mass or lower re-sighting proba-
bility in the next breeding season. The observed compensatory behaviour was not
sufficient to maintain chick growth and survival; chicks of manipulated birds fared
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B (SE) df χ2 P
A) Intercept 0.92 (0.23) 1 16.3 < 0.001
Treatmenta
handicapped -0.92 (0.46) 2 4.3 0.119
partner -0.45 (0.47)
B) Intercept 0.63 (0.25) 1 6.7 0.010
Sexb
males 0.06 (0.35) 1 < 0.1 0.862
C) Intercept 0.74 (0.19) 1 15.7 < 0.001
Reproductive effort 2.24 (1.43) 1 2.5 0.117
D) Intercept 0.66 (0.20) 1 11.3 0.001
MID -0.02 (0.02) 1 1.0 0.306
a reference category is control birds
b reference category is females
Table 4.2. Results of multilevel binomial logit-link models with re-sighting as the dependent vari-
able. Coefficient (B) indicates direction of effects, relative to the reference categories (intercept).
Results are from four different models, since samples sizes were too small to detect any effect in a
full model. Differences in re-sighting probabilities were tested for: (A) treatment (control, handi-
capped and partners), (B) sex, (C) reproductive effort, and (D) MID (body mass loss in gd-1).
less well than those of controls. Together, these results suggest that long-lived Cape
gannets can increase reproductive effort, but do so without costs on body condition
and survival, and additional costs of increased demands on reproductive effort are
ultimately shunted onto the chicks.
Effects on handicapped birds
Handicapped birds doubled their foraging trip durations, consequently reducing trip
frequencies and nest attendance. These behavioural responses were consistent
between the sexes, although handicapped males reduced nest attendance less
dramatically than handicapped females. Handicapped gannets lost 10% of their body
mass over the experimental period. We found no difference in the re-sighting proba-
bilities between handicapped birds and control birds in the next year, suggesting that
adult survival was unaffected. However, these results remain equivocal given the
small sample sizes.
Results similar to ours have been reported in other handicapping studies on long-
lived seabirds using different methods, e.g., applying extra weight or clipping flight
feathers (Appendix 4.1). Nevertheless, because of potential mitigating factors, the
increased trip durations and reductions in body mass do not allow us to distinguish
whether handicapped adults are working at their maximum capacity (i.e. priority to
current reproduction) or at the maximum cost they are willing to pay (i.e. priority to
adult survival). For example, on land we observed that handicapped gannets needed
longer runways and had more difficulties taking off with little or no wind. In pursuit
of prey, gannets plunge dive on average 54 times per trip (Ropert-Coudert et al.
2004a). Difficulties taking off from the water after each plunge dive would impact
foraging costs, time and efficiency, ultimately increasing trip durations. Moreover, a
reduction in body mass could be an adaptation to increased wing loading, enabling
handicapped birds to carry equal food loads to their chicks (Norberg 1981, Lind &
Jakobsson 2001). Increased trip durations and reductions in body mass of handi-
capped individuals, therefore, do not necessarily convey information about the trade-
off between reproduction and adult survival.
Compensatory behaviour of unmanipulated partners
Because handicapping can have undesirable and unknown effects on behaviour, we
were especially interested in compensatory behaviour of the unrestricted partners of
handicapped birds. The main responses to the handicapped adults’ reduced nest
attendance and trip frequency were twofold: 1) increased nest attendance when
chicks were young (≤ 30 days old), and 2) increased trip frequency with older chicks.
Moreover, we observed a shift from full compensation in nest attendance with
recently hatched chicks, to partial compensation in trip frequency with older chicks.
Young chicks need constant guarding by their parents, because they are vulnerable to
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predation and can only thermo-regulate independently after about 30 days (Nelson
1978). In this study all chick casualties occurred between the ages of 6 and 31 days,
which illustrates their vulnerability at young ages. Parallel to the chicks’ growing
energy requirement, pairs from manipulated nests left their chicks unattended at an
average age 5 days younger than the chicks of control adults, thereby increasing trip
frequency at an earlier age. Nonetheless, the chicks showed reduced growth.
Partial compensation of partners is an evolutionarily stable strategy for bi-
parental care (Houston & Davies 1985), but if the risk of breeding failure is large,
complete compensation can also be an evolutionary stable strategy (Jones et al. 2002).
The observed shift in our study from full compensation in nest attendance to partial
compensation in trip frequency is in accordance with these models and with results
from Paredes et al. (2005). Increased energetic demands of chicks coincide with a
decreased risk of breeding failure; therefore, Cape gannet parents could afford to
increase their feeding frequencies with older chicks. Additionally, as the chicks are
closer to independence the reproductive value is increased, favouring increased
parental effort.
The compensatory behaviours of unrestricted partners did not result in reduced
average body mass, contrary to Velando & Alonso-Alvarez (2003), nor was the re-
sighting probability reduced, similar to Nisbet et al. (2004) and Paredes et al. (2005)
(Appendix 4.1). However, differences in re-sighting rates require large sample sizes
for discriminative statistical power. We found some costs of compensatory behaviour,
as residual reproductive effort was negatively related to changes in body mass. This
suggests that only birds with sufficient energy reserves were able to increase their
reproductive effort (Velando & Alonso-Alvarez 2003). Insufficient energy reserves
would force a parent to invest in its own survival by foraging for itself at the expense
of its offspring (Monaghan et al. 1992, Chaurand & Weimerskirch 1994, Olsson 1997).
Indeed we found that the initial body mass of Cape gannet parents whose chick died
was lower than that of birds with surviving chicks (Tveraa et al. 1997).
Effects on the chicks
Chicks from manipulated nests experienced reduced growth and survival, due to
reduced parental nest attendance, reduced trip frequency (21%), and increased
feeding intervals (48%). Other studies handicapping one member of a breeding pair
also reported a reduction in reproductive parameters (Saether et al. 1993, Velando
2002, Velando & Alonso-Alvarez 2003, Navarro & González-Solís 2007), although
some found no differences (Duriez et al. 2000, Paredes et al. 2005) or even reported
increased reproductive success (Nisbet et al. 2004). Seabird chicks show protracted
growth (Lack 1968, Goodman 1974), and to accurately study effects of manipulations
on chick growth and particularly on fledging success, manipulations should last over
a longer period of time (contra Paredes et al. 2005). Especially because reduced
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parental care should invariably manifest itself as reduced chick condition. Slower
growing chicks of lower condition would cause poorer quality fledglings that have
lower survival chances (Jarvis 1974) and thus future fitness costs.
Ecological context and implications
In addition to methodological differences, inconsistencies in results between earlier
parental handicapping studies on long-lived species could be due to differences in
ecological conditions. Reduced parental care of manipulated birds is more easily
compensated for by their partners if feeding conditions are profitable (Weimerskirch
et al. 2001). In the Benguela ecosystem the main prey species of Cape gannets are
anchovies (Engraulis encrasicolus) and sardines (Sardinops sagax). These species have
been extensively over-fished in the Namibian waters, which is associated with a
dramatic decrease in numbers of Cape gannets (Crawford et al. 2007a). Cape gannets
from Namibian colonies also showed increased foraging effort, reduced body condi-
tion, and lower energy gain compared to gannets breeding in South Africa (Lewis et
al. 2006). Although Cape gannets may be able to compensate for the reduced avail-
ability of live prey by scavenging for fishery discards, this is not sufficient to meet
both their own energy requirements and those of their chicks (Pichegru et al. 2007). In
this study, we showed that Cape gannets can increase reproductive effort, but they do
so only partially, probably to maintain a threshold body condition and secure future
survival. If foraging conditions around the breeding colonies of this seabird species
deteriorate further, chick rearing will require a population-level increase in adult
reproductive effort. Without full behavioural compensation, successfully rearing
offspring will be less likely, as was shown for the breeding season following our
handicapping experiment (Chapter 3). This could have severe consequences for
population numbers of Cape gannets, a species which is already qualified as ‘vulner-
able’ by IUCN (IUCN 2008).
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Reference Species Method            Subject
Saether et al. (1993) Antarctic petrel Extra weight 1
Thalassoica antarctica
Paredes et al. (2005) Thick-billed murres Extra weight 1
Uria lomvia (logger)
Mauck & Grubb (1995) Leach's storm-petrel Feather clipping 2
Oceanodroma leucorhoa
Weimerskirch et al. (1995) Thin-billed prion Feather clipping 2
Pachyptila belcheri
Duriez et al. (2000) Thin-billed prion Extra weight 1
Pachyptila belcheri
Weimerskirch et al. (2000c) Yellow-nosed albatross Extra weight 2
Diomedea chlororhynchos
Navarro & González-Solís (2007) Cory's shearwater Feather clipping 1
Calonectris diomedea
Tveraa et al. (1997) Antarctic petrel Extra weight 1
Thalassoica antarctica
Weimerskirch et al. (1999) Antarctic prion Extra weight 1
Pachyptila desolata
Velando & Alonso-Alvarez (2003) Blue-footed boobie Feather clipping 1
Sula nebouxii
Velando (2002) Blue-footed boobie Feather clipping 1
Sula nebouxii
Nisbet et al. (2004) Common tern Feather clipping 1
Sterna hirundo
Appendix 4.1. Overview of handicapping studies that manipulated flight ability in long-lived
seabirds. The column ‘subject’ indicates whether one or both parents in a couple were handi-
capped. In the studies of Velando (2002) and Velando & Alonso-Alvarez (2003) only female blue-
footed boobies were used, Tveraa et al. (1997) only used female Antarctic petrels.
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Response in condition Response in behaviour
Handicapped Partner Chick Handicapped bird Partner
bird
Body mass (≈) Body mass (≈) Mortality (+) Feeding interval (–) Foraging load (≈)
Food load (–)
Body mass (–) Resighting (≈) Fledging Trip duration (+) Trip frequency (+)
Resighting (–) success (≈) Trip frequency (–) Nest attendance (+)
Nest attendance (–) Mate fidelity (–)
Feather Growth (–) Trip frequency (–)
growth (≈) 
Body mass (–) Body mass (≈) Trip frequency (≈)
Mortality (≈) Food load (≈)
Body mass (≈) Body mass (≈) Trip duration (+)
Resighting (≈) Mortality (≈) Food load (≈)
Body mass (–) Body mass (–) Trip duration (+)
Resighting (≈) Growth (–) Nest attendance (≈)
Mortality (≈) Food load (–)
Body mass (≈) Growth (–) Trip duration (+)
Resighting (≈) Foraging efficiency (≈)
Incubation (–)
Body Trip duration (+)
condition (–) Nest desertion (+)
Body mass (≈) Trip duration (+)
Food load (≈)
Nest desertion (+)
Body mass (≈) Body mass (–) Body mass (–)
Body mass (–) Body mass (–)
Growth (–)
Feather Growth (+)
growth (–) Fledging 
Resighting (≈) success (+)
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A) Trip duration (h) B) Trip frequency (d-1)
B (SE) χ2 P B (SE) χ2 P
Intercept 3.27 (0.06) 2809.2 < 0.001 -0.83 (0.05) 348.9 < 0.001
Treatmenta 86.1 < 0.001 ** 24.9 < 0.001 **
handicapped 0.71 (0.08) -0.34 (0.09)
partners 0.08 (0.07) -0.39 (0.09)
Sexb 24.6 < 0.001 ** 20.0 < 0.001 **
males -0.25 (0.05) 0.14 (0.03)
Chick age -0.01 (0.001) 52.4 < 0.001 ** 0.01 (0.001) 21.0 < 0.001 **
Treatmenta x chick age 0.20 0.906 22.5 < 0.001 **
handicapped x chick age -0.003 (0.002)
partner x chick age 0.01 (0.002)
Treatmenta x sexb 0.14 0.931 1.2 0.549
Sexb x chick age 0.25 0.881 1.4 0.232
C) Attendance bout (h) D) Nest attendance (fraction)
B (SE) χ2 P B (SE) χ2 P
Intercept 3.28 (0.07) 2194.3 < 0.001 0.77 (0.02) 1626.8 < 0.001
treatmenta 17.2 < 0.001 ** 78.6 < 0.001 **
handicapped 0.31 (0.19) -0.25 (0.04)
partner 0.64 (0.16) 0.23 (0.04)
Sexb 1.1 0.295 26.9 < 0.001 **
males 0.05 (0.05) 0.08 (0.02)
Chick age -0.02 (0.002) 76.6 < 0.001 ** -0.003 (0.001) 39.0 < 0.001 **
Treatmenta x chick age 13.8 0.001 ** 21.4 < 0.001 **
handicapped x chick age -0.01 (0.004) 0.001 (0.001)
partner x chick age -0.01 (0.004) -0.004 (0.001)
Treatmenta x sexb 4.9 0.085 7.8 0.020 *
handicapped x males 0.004 (0.15) 0.10 (0.04)
partner x males -0.29 (0.13) -0.03 (0.04)
Sexb x chick age 0.04 0.838 0.06 0.807
a reference category is control
b reference category is females
Appendix 4.2. Details from statistical analyses of individual parental behaviours using multilevel
models. Significant results are indicated with * on the 0.05 level and ** on 0.01 level. Coefficients
(B) indicate direction of effects relative to the reference category, which is the control females
(intercept, see methods).
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B (SE) χ2 P
A) Trip frequency (d-1) Intercept -0.15 (0.05) 30.1
Treatmenta 40.6 < 0.001 **
manipulated -0.23 (0.04)
Chick age 0.01 (0.001) 43.1 < 0.001 **
Treatmenta x chick age 1.5 0.225
B) Feeding interval (h) Intercept 3.31 (0.07) 5091.1 < 0.001
Treatmenta
manipulated 0.39 (0.10) 16.1 < 0.001 **
Chick age -0.01 (0.002) 47.9 0.001 **
Treatmenta x chick age 2.8 0.096
manipulated x chick age -0.01 (0.003)
C) Non attendance (fraction) Intercept -0.25 (0.04) 23.1 < 0.001
Treatmenta 38.7 < 0.001 **
manipulated 0.16 (0.03)
Chick age 0.02 (0.001) 237.9 < 0.001 **
Treatmenta x chick age 0.05 0.825
a reference category is control nests
Appendix 4.3. Results from statistical analyses of parental behaviours on nest level. Behaviours
of both parents are summed per nest (see methods) and tested in a multilevel model with treat-
ment (control or manipulated) as factor and chick age as covariate. Significant results on the 0.05
level are indicated with * and on 0.01 level with **. Coefficients (B) indicate direction of effects
relative to control nests (intercept, see methods).
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Foraging trips of breeding Cape gannets:






During four years 646 breeding Cape gannets (Morus capensis) at two breeding
colonies were equipped with GPS-loggers to obtain insight in how foraging
behaviour of gannets varied between colonies and whether it was predictive for
the “health status” of these colonies. To study the association between foraging
tracks and breeding success we also collected data on chick growth. Foraging
behaviour of gannets from Malgas Island (South Africa) varied considerably
during the breeding season; average trip durations could double between weeks.
At Ichaboe Island (Namibia) foraging behaviour varied less, but the gannets made
2.3 h longer trips and had a larger foraging range than the gannets from Malgas.
Gannets scavenging for fishery discards made shorter foraging trips than birds
foraging for live prey (22.3 vs. 27.3 h respectively), during which they spent less
time flying. Scavenging occurred more on Malgas. Chicks from Ichaboe were
growing faster and had higher survival rates, possibly associated with the higher
proportion of live prey in their diet. The fraction flown during foraging trips was
positively associated with chick growth in the colony. Likely this relationship was
mediated through diet, as gannets that made longer trips were more likely to
return with (good quality) live prey. The fact that predation on chicks in the
colony can be substantial and that overwinter mortality may vary a lot can explain
why we could not confirm an earlier described relationship between parental
foraging behaviour and colony status. The study of parental behaviour is impor-
tant to explain chick growth, a component of colony health status, but inadequate
to predict overall colony health status in Cape gannets.
INTRODUCTION
The status of populations is commonly assessed by establishing population size
and/or growth rates, but these can only be generated and interpreted in retrospect
(Krebs 2002). Understanding the processes that determine population growth,
including adult survival and juvenile recruitment into the breeding colony, requires
long term studies (Lebreton et al. 1992, Pradel et al. 1997). Parameters that can be
collected in a short period and have predictive value for population dynamics might
enhance the assessment of colony health status. Recently it has been suggested that
behavioural data can be used as a proxy for colony health status and can be linked to
population changes (Lewis et al. 2006, Grémillet et al. 2006, Petersen et al. 2008). Lewis
and co-workers (2006) studied Cape gannets (Morus capensis) as a model species, a
long-lived seabird in which foraging behaviour may well influence reproductive
success and ultimately recruitment rates. Cape gannets from colonies decreasing in
size worked harder, gained less energy during their foraging trips and had lower
body condition than birds from growing colonies. The authors concluded from this
work that ‘behavioural and state data can be used to identify important drivers of
population change’. We have taken up this challenge and assessed whether foraging
behaviour of Cape gannets is a predictor of chick growth, a parameter related to
colony health status.
Variability in food supply potentially affects the foraging success of seabirds and
thereby their breeding success and ultimately population numbers. Studies on the
relation between parental foraging effort and chick growth or survival have shown
that increased effort enhances reproductive output (Pugesek 1995, Wendeln & Becker
1999, but see Takahashi et al. 2003 for a negative result). Cape gannet pairs that made
shorter foraging trips, and thus visited the nest more often, had chicks that grew
faster and had higher survival (chapter 3). In this paper we will analyse how these
differences relate to at-sea behaviour of foraging gannets.
Cape gannets breed in the Benguela upwelling-system off the southern African
west coast, which is characterised by a high productivity sustaining large stocks of
pelagic fish (Shannon & O’Toole 2003). The system is also highly dynamic; the inten-
sity and location of the upwelling cells can vary considerably within years, affecting
the short-term spatial distribution of fish (Shannon 1985). These short-term fluctua-
tions overlay long-term spatial distribution patterns of the fish stock. Foraging
seabirds need to adequately respond to these fluctuations and variation in foraging
behaviour is expected (Suryan et al. 2002, Weimerskirch et al. 2005). Cape gannets in
the Benguela mainly feed on anchovies (Engraulis encrasicolus) and sardines
(Sardinops sagax) (Berutti et al. 1993, Adams & Klages 1999). The availability of these
prey species has decreased considerably in recent years. Concomitantly population
numbers of Cape gannets have also decreased (van der Lingen et al. 2005, Crawford
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et al. 2007a). In Namibia numbers of breeding gannets in 2005 were reduced to only
5.1% of the numbers in 1956. Gannet numbers at the west coast of South Africa have
decreased approximately 33% between 1997 and 2005 (Crawford et al. 2007a). Studies
focussing on foraging behaviour of Cape gannets have so far been restricted to brief
periods in the breeding season (Grémillet et al. 2004, Lewis et al. 2006, Pichegru et al.
2007). More detailed insight in the seasonal variation of foraging behaviour of
breeding gannets is needed.
We studied foraging behaviour of Cape gannets during four breeding seasons by
equipping gannets with GPS-loggers at two breeding colonies. At the same time we
measured a large sample of chicks to determine growth in both colonies. We test the
hypotheses that (1) variation within the breeding season in foraging behaviour is
associated with chick growth and survival and (2) that such variation may be related
to diet. We further investigate whether foraging behaviour may help to predict
colony population dynamics.
METHODS
The Cape gannet is a monomorphic, long-lived seabird that feeds on different fish
species by plunge-diving (Grémillet et al. 2004, Ropert-Coudert et al. 2004a). The
entire world population breeds on six islands, three of which are located in Namibia
and three in South Africa. Currently all five colonies that are situated at the west
coast of southern Africa are decreasing in population numbers (Crawford et al.
2007a). Our data were collected during four breeding seasons (2003/04 to 2006/07) at
Malgas Island (South Africa, 33°03’S 17°93’E) and during three breeding seasons
(2004/05 to 2006/07) at Ichaboe Island (Namibia, 26°29’S 14°94’E).
Foraging behaviour of adults
GPS-loggers (Technosmart, Rome) recorded geographic positions of deployed birds.
The loggers were sealed in two waterproof polyethylene bags, and weighed about
50 g or, approximately 2% of the adult body mass (mean 2531 g ± 194 in this study,
n = 554). Birds at different stages of the breeding cycle were selected for carrying the
loggers. We waited for gannets to return from a foraging trip. After the nest relief we
caught the partner leaving the nest to forage with a hooked pole. In this way the
chicks of focal birds remained attended by the partner (Lewis et al. 2004). The gannets
were measured (length of the flattened wing chord to the nearest mm and bill length
to the nearest 0.1 mm) and weighed (to the nearest 25 g). The logger was attached to
the lower back and tail feathers with waterproof Tesa®-tape (Beiersdorf AG,
Hamburg), which did not damage the feathers. The procedure took ca. 5 min, after
which the birds were released near their nest site. Similar devices had no obvious
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adverse effects on Cape gannet behaviour in previous studies (Grémillet et al. 2004,
Lewis et al. 2006). The nest was monitored once per hour in daytime. When the
parent with the logger returned it was recaptured and the logger removed. The birds
were then released on their nests where they settled readily. Bill length, wing length
and body mass (<1 kg to 5 g; >1 kg to 25 g) of the chick were measured to obtain an
estimate of its age. Diet samples were collected from focal birds by inverting them
over a bucket and collecting the regurgitated prey. The sexes could not be distin-
guished in the field. In two years (2005/06 and 2006/07) we collected some breast
feathers of equipped birds and we determined their sex in retrospect through DNA
analyses (see Fridolfsson & Ellegren 1999 for detailed methods). The overall sex ratio
of sexed birds of which we obtained complete foraging tracks was 0.483 (97 males
and 104 females). This ratio did not systematically vary between months
(Multinominal regression: χ2 = 2.8, P = 0.730), so we were confident that among the
gannets we equipped with GPS loggers there was no systematic over-representation
of one sex that could have caused biased averages in foraging parameters between
periods. For the analyses of foraging data we have pooled data of males and females
and used the average of both sexes. This entails the implicit assumption that the sexes
were also equally represented in the years without sexing (2003/04 and 2004/05).
In February 2007 we managed to collect only 10 complete tracks at Ichaboe Island.
Due to changes in local food availability gannets left their chicks alone (chapter 3)
and we refrained from further disturbances to the birds for fear of causing them to
desert their offspring.
Track analyses
The GPS-loggers recorded the geographic positions (at ca. 10 m resolution) of each
bird at 10 sec intervals. Before we could analyse the data we had to correct for the
curved surface of the earth by converting the geographic coordinates of each GPS fix
into a flat, two-dimensional surface through the Albers’ Equal Area Projection
(Snyder 1982). From successive GPS positions of the birds (pt = position time t) we
calculated the distance travelled (Dt = distance between pt-1 and pt). From the
distance and time between consecutive positions (usually 10 s intervals) we calcu-
lated travelling speed (km h-1). During searching for prey gannets are expected to be
less consistent in direction than during directional flight, and to have increased path
sinuosity. Sinuosity at time t was defined as the ratio between the distance flown (DF)
between consecutive GPS positions and the straight line displacement (Di) between
the start and end of the sinuosity window (t ±2). So, DFt = Σ √((xt-1 – xt)2 + (yt-1 – yt)2)
for t = –1 to t = 2, and Dit = √((xt-2 – xt+2)2 + (yt-2 – yt+2)2), where x & y correspond
with the projected coordinates (m) of longitude and latitude respectively.
By analysing the actual travelling speed and changes in speed and sinuosity, we
could identify different behaviours of equipped gannets:
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(1) Out-flight: from the departure from the colony until the sinuosity of the track was
>3.3. This section is characterised by fast flight (usually over 40 km h-1).
(2) Return-flight: segment of the track from last hunting activity back to the colony.
The characteristics are similar to out-flights and it is identified by the algorithm by
traversing the track in reverse order.
(3) Drifting on sea surface: characterised by speeds below 10 km h-1. The night was
part of this section. At night gannets sleep on the sea surface and drift along with
ocean currents and prevailing winds (Ropert-Coudert et al. 2004b).
(4) Hunting (search flight): the remaining parts of the track, characterized by medium
flight speeds (between 10-40 km h-1) and larger values of sinuosity than out- or
return-flights.
Foraging ranges were derived through concave polygon analyses with Ranges6
(Anatrack Ltd., Wareham, UK). Because gannets from Malgas Island would fly
around Cape Point, we set the edge restriction to 0.1 in order to exclude land as part
of the foraging range. This analysis does not take the density of the positions into
account, but calculates the total area visited by birds.
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Malgas Island
tag 2, 21–22 Sep 3003
Cape Town
trip duration: 23.94 hrs











Figure 5.1. An example of a complete GPS track of a Cape gannet collected in September 2003.
Chick growth
To obtain an estimate of average chick growth for the colony and at different times
during the breeding season, chicks were repeatedly measured at approximately
weekly intervals and at several locations at the periphery of the colony. Because
growth rates of chicks did not differ between the interior and the periphery of the
colony (chapter 2) we minimised disturbance by sampling in the periphery. The
chicks were taken from the nest, measured and returned to the nest within three
minutes. Bill length, wing length and body mass were measured (as described above
for chicks of equipped birds). Measurements were started at the same time of the day
and chicks were measured in the same sequence by only two persons (RHEM and
RAN). The measurements continued until either the chick died or was completely
feathered and ready to fledge. Chicks that hatched within the study sites were
included in the measurements to obtain general data on the growth of young chicks
throughout the breeding season. From the growth data we generated age-inde-
pendent growth indices to compare growth between years and colonies (box 2.1).
In 2005/06 we caught and weighed chicks on both islands that were gathered at
the edge of the colony and ready to fledge in order to get an estimate of average
fledging weight.
Data analyses
In total 83.1% of the foraging tracks were complete (80.3% for Malgas and 88.4% for
Ichaboe). The main reason for incomplete tracks was a lack of battery capacity to
record the complete foraging trip. To calculate the average foraging parameters we
used complete foraging tracks only (Malgas, n = 340; Ichaboe, n = 198). For the
spatial analyses we also included the incomplete tracks (Malgas, n = 422; Ichaboe,
n = 224).
Results are presented as mean ± standard deviation. The foraging data were ln-
transformed. After transformation trip duration and time spent drifting on the sea
surface were not normally distributed and their associations with other variables
were tested with non-parametric Kruskal-Wallis tests or Spearman correlations. The
other variables were analysed using GLMs in which the potential explanatory effect
of variables was tested using a backwards deletion method. Flying, hunting and
drifting on the sea surface were also transformed into fractions of the total trip dura-
tion. The residuals of significant models were tested for normal distribution. Chick
growth was analysed in multilevel models to control for repeated measurements of
the same individual (individual and observation included as level). Multinomial
regressions were used in models with sex or diet as dependent variables. Prey species
were categorised in five groups; (1) anchovy and sardine, (2) saury (Scomberesox
saurus), (3) fishery discards (hakes Merluccius capensis and M. paradoxus), (4) other
species, and (5) a mixture of live prey and fishery discards. Growth indices were
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calculated using GenStat 8 and statistical analyses were done with MLwiN 2.02
(multilevel models) or SPSS 14.0 statistical package.
RESULTS
Sex-specific foraging behaviour
Table 5.1 provides the means and standard deviations of all foraging trips recorded
for the sexes separately at Malgas (n = 136) and Ichaboe (n = 65) during 2005/06 and
2006/07. The table shows that female gannets made longer trips (28.7 h ± 13.4, n =
104) and covered more distance (409 km ± 220) during their trips than males (23.9 h ±
11.0 and 339 km ± 156 respectively, n = 97). Foraging trips of females from Malgas
were on average 6.5 h (28.3%) longer than trips of males, covering an extra 95 km
(22.0%). On Ichaboe the differences were smaller as female trip duration was only 1.1
h longer (4.0%), flying an extra 63 km (13.9%) compared to males. The difference in
trip duration for birds from Malgas Island was mainly due to the extra 5 h that
females spent drifting on the sea surface more than males (Table 5.1). The relative
time allocation during foraging trips did not differ between the sexes on each island
(Fig. 5.2). Despite differences in foraging trip duration and distance covered, foraging
ranges did not differ between the sexes (One-way ANOVA: foraging range F1,12 =
0.06, P = 0.812, Table 5.2).
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n Trip Total Time Time Time 
duration (h) distance (km) flying (h) hunting (h) drifting (h)
A) Female 69 29.33 ± 13.5 524.92 ± 278.5 8.05 ± 5.5 6.12 ± 3.7 21.28 ± 10.1
Male 67 22.86 ± 10.1 430.30 ± 204.5 6.56 ± 3.2 5.13 ± 2.6 16.29 ±  8.4
B) Female 35 27.37 ± 13.3 514.80 ± 231.9 10.51 ± 4.2 8.92 ± 4.5 16.86 ±  9.8
Male 30 26.32 ± 12.5 451.98 ± 181.1 9.34 ± 3.5 7.61 ± 3.3 16.98 ±  9.7
Sex χ2 or F 7.1 5.8 4.3 3.8 7.0
P 0.008 ** 0.017 * 0.040 * 0.051 0.008 *
Island χ2 or F 24.2 24.5 5.4
P n.s. n.s. < 0.001 ** < 0.001 ** 0.020 *
Table 5.1. Means ± SD of foraging parameters of Cape gannets per sex for A) Malgas and B)
Ichaboe Island. Data are from 2005/06 and 2006/07. Results from GLM with sex and island as
factors are shown at bottom of table. For trip duration and time drifting on the sea surface we
show the Kruskal-Wallis test statistics (χ2) for the other variables the F-statistic. Significance is
shown with * at the 0.05 level and with ** at the 0.01 level.
Body condition
A body condition index (mass/wing length, see Lewis et al. 2006) was calculated for
2005/06 and 2006/07 and compared between the colonies and sexes. Cape gannets
from Malgas were on average 152 g heavier, had longer wings and a higher body
condition index (5.43 g mm-1 ± 0.38, n = 207) than birds from Ichaboe (5.18 g mm-1 ±
0.28, n = 135). Female gannets were 100 g heavier than males (females 2595 g ± 207,
n = 113; males 2495 g ± 183, n = 104), but the sexes did not differ in wing length.
Consequently female body condition was 4% higher than that of males (GLMs: body
mass: sex F1,214 = 18.9, P < 0.001; island F1,214 = 41.1, P < 0.001; wing length: sex n.s.;
island F1,215 = 35.3, P < 0.001; body condition: sex F1,214 = 21.0, P < 0.001; island


























Figure 5.2. Time allocation of Cape
gannets during foraging trips in percen-
tage of time relative to the total trip
duration. Data are from 2005/06 and
2006/07.
Island Year Sex N Foraging range (km2)
Malgas 2005/06 females 14 28 563
males 21 30 396
2006/07 females 55 38 088
males 46 40 912
Ichaboe 2005/06 females 30 39 067
males 26 34 551
2006/07 females 5 4 208
males 4 6 882
Table 5.2. Mean foraging ranges of Cape gannets per sex from Malgas and Ichaboe Island during
two years. Sample sizes and ranges in km2 are shown.
Inter- and intra-annual variation in foraging behaviour
We averaged behavioural variables for each interval between consecutive measure-
ments of chick mass and used these data to analyse the seasonal patterns in parental
behaviour and the covariation between parental behaviour and chick growth for each
island. The foraging variables (trip duration, total distance, time spent flying, hunting
and drifting) were all positively correlated with each other, so we describe only the
variation for trip duration in more detail for the seasonal variation.
Gannets from Ichaboe Island made longer trips during which they covered larger
distances, flew more (23.5%) and spent more time hunting (32.3%) than birds from
Malgas (Table 5.3). During foraging trips gannets from Malgas allocated a larger frac-
tion of their time drifting on the sea surface than gannets from Ichaboe (GLM: island
F1,533 = 6.7, P = 0.010; year F3,533 = 21.4, P < 0.001). The foraging ranges did not differ be-
tween the islands (One-way ANOVA: foraging range F1,12 = 0.89, P = 0.364, Table 5.2). 
On Malgas Island average trip duration increased with 19.1% over four years, but
did not vary significantly between years (Table 5.4A). Total distance increased with
14.9% over the same period, from 423 to 486 km. Time allocation during foraging
trips changed after 2004/05; in 2005/06 and 2006/07 the percentage of time flying
and time allocated to foraging activities were reduced and birds spent 35.7% more
time drifting at the sea surface (Table 5.4A). Within years there was substantial varia-
tion in foraging behaviour on Malgas. To give an indication of the possible variation
between weeks, we present average foraging variables for November 2005; in the first
two weeks of the month gannets made foraging trips of 20.8 h, flying 349 km (n = 32),
while in the last two weeks of that month gannets flew on average for 33.8 h,
covering 631 km (n = 20) (Fig. 5.3A). Trip duration increased on average during the
breeding season, except in 2004/05 when it decreased (GLM: year F3,332 = 7.2,
P < 0.001; date F1,332 = 12.0, P = 0.001; year x date F3,332 = 8.2, P < 0.001).
FORAGING BEHAVIOUR OF CAPE GANNETS
83
n Trip Total Time Time Time 
duration (h) distance (km) flying (h) hunting (h) drifting (h)
Malgas 339 24.6 ± 13.0 459.7 ± 240.7 8.1 ± 4.6 6.2 ± 3.8 16.5 ± 10.0
Ichaboe 198 26.8 ± 12.9 486.0 ± 210.9 10.0 ± 4.1 8.2 ± 4.0 16.9 ±  9.6
Sex χ2 or F 4.6 4.1 36.0 40.1 0.1
P 0.032 * 0.043 * < 0.001 ** < 0.001 ** 0.743
Table 5.3. Means ± SD of foraging parameters of Cape gannets per island. Means are from four
breeding season at Malgas Island (2003/04 until 2006/07) and three breeding seasons at Ichaboe
Island (2004/05 until 2006/07). Results for GLM are shown, each model included island and year
as factors. For trip duration and time drifting on the sea surface we show the Kruskal-Wallis test
statistics (χ2) for the other variables the F-statistic. Significance is shown with * at the 0.05 level
and with ** at the 0.01 level.
Cape gannets breeding on Ichaboe Island showed little variation in any of the
foraging parameters between years (Table 5.4B). Birds made trips of approximately
27 h covering on average 486 km. During these trips they flew for about 10 h and
drifted on average 17 h at the sea surface. Also within years we found no significant
variation in trip duration, or any other aspect of foraging behaviour on Ichaboe (Fig.
5.3B).
Foraging behaviour and diet choice
Cape gannet diet did not differ between sexes or years, but varied between the
colonies. Fishery discards occurred most in the diet of gannets from Malgas, followed
by anchovy and sardine (Fig. 5.4). Gannets from Ichaboe mostly brought back saury
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n Trip Total Time Time Time 
duration (h) distance (km) flying (h) hunting (h) drifting (h)
A) Malgas
2003/04 78 22.0 ± 11.7 422.7 ± 199.5 8.6 ± 4.0 6.7 ± 3.7 13.4 ± 8.3
2004/05 87 23.9 ± 13.2 457.5 ± 253.0 9.2 ± 5.1 7.1 ± 4.6 14.6 ± 9.1
2005/06 52 25.8 ± 15.1 457.3 ± 275.3 7.3 ± 5.1 5.4 ± 3.8 18.5 ± 11.9
2006/07 123 26.2 ± 12.6 485.8 ± 239.8 7.2 ± 4.2 5.6 ± 3.0 19.0 ± 9.9
Year χ2 or F3,332 3.7 12.6 24.6 15.4 29.8
P 0.297 < 0.001 ** < 0.001 ** < 0.001 ** < 0.001 **
Date rho or F1,332 0.05 19.7 32.7 19.1 -0.1
P 0.403 < 0.001 ** < 0.001 ** < 0.001 ** 0.181
Year x F3,332 14.3 22.1 14.0
date P < 0.001 ** < 0.001 ** < 0.001 **
B) Ichaboe
2004/05 84 26.5 ± 12.4 485.1 ± 193.4 9.9 ± 3.9 8.1 ± 3.9 16.7 ± 9.3
2005/06 104 26.9 ± 13.5 486.7 ± 229.9 10.0 ± 4.3 8.5 ± 4.3 16.9 ± 9.9
2006/07 10 27.8 ± 12.1 486.8 ± 154.8 9.9 ± 3.2 7.3 ± 3.1 17.9 ± 9.2
χ2 0.02 0.07 0.08 0.75 0.11
P 0.991 0.964 0.961 0.689 0.949
Table 5.4. Means ± SD of foraging parameters of Cape gannets per year for A) Malgas and B)
Ichaboe Island. Results from GLM per behaviour are shown below means. For trip duration and
time drifting at Malgas we show the Kruskal-Wallis test statistics (rho for date and χ2 for year) for
the other variables the F-statistic. For the year differences at Ichaboe we show the χ2 from
Kruskal-Wallis tests. Significance is shown with * at the 0.05 level and with ** at the 0.01 level.
or other live prey species (mainly snoek (Thyrsites atun) and horse mackerel
(Trachurus trachurus)) (Multinomial regression: sex n.s.; year n.s.; island χ2 = 11.2,
P = 0.024, Fig. 5.4). In general gannets that returned with live prey flew 145.2 km
more (39.4%), spent 3.8 h more in flight (66.7%) and hunted for an extra 3.3 h (78.7%)
compared to birds that scavenged behind trawlers (Table 5.5). If we look at the
different foraging behaviours associated with diet per island, then gannets from
Ichaboe returning with fishery discards flew 3 h more during their trips than birds
from Malgas (8.0 h ± 2.0, n = 9; 5.0 h ± 1.9, n = 28, respectively). Also, gannets from
Ichaboe spent 10.1 h (± 3.6, n = 42) flying when foraging for live prey, birds from
Malgas 8.9 h (± 6.1, n = 43).
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Figure 5.3. Average trip duration (h) (+ 1 SE) of Cape gannet foraging trips per period of measu-
rement of growth increment of the chicks for A) Malgas Island, and B) Ichaboe Island. Sample






















Figure 5.4. Diet (in proportion of occur-
rence) of Cape gannets equipped with
GPS loggers during the 2005/06 and
2006/07 breeding seasons. Sample sizes
are 74 for Malgas Island and 56 for
Ichaboe Island.
Chick growth and foraging behaviour
Chicks from Ichaboe showed faster growth rates than chicks from Malgas in each
year (Fig. 5.5). Growth rates at Malgas decreased slightly over the four years. Chick
growth on Ichaboe was reduced in 2006 compared to the two years before. Within
each year chicks grew faster at the beginning of the breeding season than later (Multi-
level model: island χ2 = 92.6, P < 0.001; year χ2 = 16.1, P = 0.001; date χ2 = 33.0,
P < 0.001). In 2005/06 fledglings from Ichaboe were on average 305 g heavier than
chicks from Malgas (Ichaboe 2930 g ± 275, n = 107; Malgas 2625 g ± 323, n = 211; One-
Way ANOVA F1,316 = 69.6, P < 0.001). Some data on fledging success (percentage of
nestlings fledged) of gannet chicks in both colonies are available. At Malgas Island
fledging success in 2003/04 was 42% (Makhado et al. 2006) and at Ichaboe fledging
success was 68% (n = 53 nests) in 2004/05 and 87% (n = 23) in 2005/06 (Ministery of
Fisheries and Marine Resources, Namibia, unpublished data).
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n Trip Total Time Time 
duration (h) distance (km) flying (h) hunting (h)
Live prey 85 27.3 ± 12.0 514.6 ± 229.6 9.5 ± 5.0 7.5 ± 3.6
Fish offal 37 22.3 ±  9.9 369.2 ± 133.8 5.7 ± 2.3 4.2 ± 2.0
Mixed 8 27.6 ±  9.1 498.4 ± 185.4 8.9 ± 4.7 7.0 ± 3.3
Island F1,121 6.1 11.0
P n.s. n.s. 0.015 * 0.001 **
Prey category F2,122 2.6 6.6 7.0 10.3
P 0.078 0.002 ** 0.001 ** < 0.001 **
Table 5.5. Means ± SD of foraging parameters of Cape gannets, per diet category. Data are from
2005/06 and 2006/07. Results from GLM with sex, island and category as factors are shown at
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Figure 5.5. Average Cape gannet chick
growth ± 1 SE per island and per year.
We investigated whether average chick growth rates were associated with mean
foraging parameters. Chick growth was positively correlated with the time spent
flying during foraging trips, a relationship mainly due to differences between the two
islands (Fig. 5.6). We found no correlation between any of the foraging variables and
chick growth at the islands separately. In GLMs we tested separately the association
between trip duration, distance and time spent flying with chick growth. In this
analyses also time spent flying during foraging trips of adults was positively associ-
ated with chick growth, when corrected for island and date (GLM: island F1,28 = 18.7,
P < 0.001; date F1,28 = 5.8, P = 0.023; time flying F1,28 = 4.5, P = 0.043). This pattern
may be generated by differences in the use of fishery discards as food between
islands and times of year.
DISCUSSION
In this study we showed that Cape gannets from Ichaboe Island (Namibia) had a
lower body condition than gannets from Malgas (South Africa), but made longer
foraging trips during which they flew more. Ichaboe gannets brought back more live
prey from their foraging trips compared to birds from Malgas, which scavenged
more behind fishing trawlers. During three consecutive breeding seasons the chicks
were growing faster at Ichaboe and were heavier at fledging in 2005/06 compared to
chicks from Malgas. Furthermore, chick growth was positively associated with the
time spent flying during foraging trips, after correction for island and date.
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Figure 5.6. Scatter plot of the relation between Cape gannet chick growth and time spent flying of
adults during foraging trips per period we measured growth. Data are from Malgas and Ichaboe
Island from 2003/04 to 2006/07.
Sex-specific foraging behaviour
Female Cape gannets made longer foraging trips and covered more distance than
males, but during foraging trips both sexes allocated their time similarly between
behaviours (Fig. 5.2). These results are consistent with our data on nest attendance
(chapter 3) and demonstrate sex-specific foraging behaviour in a monomorphic
species (Gray & Hamer 2001, Lewis et al. 2002). However, we found no differences in
foraging ranges and in diet between the sexes and no difference in the amount of
food brought back to the nest (females 542 g ± 135, n = 12; males 597 g ± 105, n = 12;
L. Pichegru, unpublished data). Female gannets needed more time to bring back the
same amount and kind of food as males, which may suggest a lower foraging effi-
ciency, or differences in resource allocation between the sexes (Weimerskirch et al.
1997b). For example, females may have needed more self feeding to compensate
energy loss for egg laying and incubation (Monaghan & Nager 1997).
In the related northern gannets (Morus bassanus) the sexes did not differ signifi-
cantly in trip duration, but females made longer and deeper dives (Lewis et al. 2002).
Here the ecological niche may differ between the sexes. To pursue this line for Cape
gannets we will need detailed data on sex specific diving behaviour in this species.
The sexes do show small size differences (male bills were 1.4% larger and females
were about 4.5% heavier) that may be related to a niche difference. However, as yet
the reasons for differences in foraging time between the sexes in the Cape gannet
remain unexplained.
Seasonal variability in foraging behaviour
The reduced availability of inshore shoaling pelagic fish around Malgas Island (van
der Lingen et al. 2005) forced breeding Cape gannets to seek alternative prey. Early in
the breeding season scavenging for fishery discards seemed to be an alternative. This
involved shorter trips, less flying during the trips and smaller foraging ranges than
birds bringing back live prey. Later in the breeding season saury move closer inshore
and become available to gannets (Berruti 1988, Berruti et al. 1993), which was associ-
ated with an increase in the proportion of saury in gannet diet. This may explain the
general pattern that foraging trip duration increased during the breeding seasons. In
two years we collected GPS data during four consecutive months. In 2003/04, trip
duration and distance covered increased during the breeding season, while in
2004/05 these parameters decreased, disproving the generality of the patterns at
Malgas. Short-term fluctuations in the distribution patterns of prey fish are probably
important to explain these deviations from the general pattern.
In contrast to Malgas the environment around Ichaboe Island was less variable, as
judged from the small inter- and intra-annual variation in foraging behaviour of
breeding gannets. Anchovies and sardines have been scarce in the Namibian waters
since the late 1960s (Crawford 2007a). Live prey, mainly horse mackerel, was available
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as an alternative for anchovies and sardines throughout the breeding season.
Unfortunately, no data on food availability in the Namibian waters is available.
Nevertheless, judged from the longer foraging trips, overall food abundance was
lower around Ichaboe (Boyd et al. 1994, Kitaysky et al. 2000, Suryan et al. 2002,
Kowalczyk et al. 2006), but likely more predictable. Cape gannets from Ichaboe made
longer foraging trips than birds from Malgas, despite a lower average body condi-
tion. The higher proportion of live prey in the diet of gannets from Ichaboe and its
associated larger energetic and fat content (Batchelor & Ross 1984, FAO 1989) could
facilitate higher levels of foraging effort (Weimerskirch et al. 2001).
Foraging behaviour and chick growth
Food availability during the breeding season is an important factor associated with
chick growth and survival both directly, through amount and quality of the food
(Batchelor & Ross 1984, Weimerskirch et al. 1997a), and indirectly, through behaviour
of the parents (chapter 3). Chicks from Ichaboe had faster growth rates in three
consecutive years and were heavier at fledging and had higher fledging rates than
chicks from Malgas in 2005/06. If we assume that trip duration and time spent flying
during foraging trips are reliable estimates of foraging effort (Lewis et al. 2006,
Grémillet et al. 2006, Pichegru et al. 2007), then Cape gannets from Ichaboe worked
harder than birds from Malgas. So overall, the larger foraging effort at Ichaboe was
associated with faster chick growth. Despite the considerable intra-seasonal variation
in both parental behaviour and chick growth, we found no direct correlations
between these variables on each island. After correction for the variation explained
by differences in conditions between the colonies and during the breeding season,
chick growth was positively associated with the hours flying during foraging trips. In
chapter 3 we showed that chick growth was negatively associated with the duration
of foraging trips, due to lower provisioning rates. The relationship in this study is
potentially mediated through diet. Gannets that spent more time flying, were more
likely to forage for live prey, which is of better quality (energy content: sardine 8.59 kJ
g-1; anchovy 6.74 kJ g-1; hake (fishery discards) 4.07 kJ g-1, Batchelor & Ross 1984,
FAO 1989) and enhances growth rates (Batchelor & Ross 1984, chapter 2). Gannet
parents that feed on fishery discards compensate by bringing back more, but this was
not enough to compensate for the reduced quality of the food (Pichegru et al. 2007).
Foraging variables and population dynamics
Lewis et al. (2006) investigated the association of Cape gannet’s behavioural and state
data from 2003/04 with population changes before that time (between 1990 and
2002). They found that gannets from decreasing populations made longer foraging
trips, gained less energy during those trips and had a lower body condition. Because
we have new data on behaviour and more recent knowledge on population changes
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over time, we can test whether Lewis’ relations still hold. To do so we relate the
behavioural data recorded by Lewis and ourselves with population changes between
2001/02 and 2005/06. This is important because it is a new test of the idea that
behavioural variables can be used as proxies for colony health status (e.g., Grémillet
et al. 2006).
We calculated population changes between 2001/02 and 2005/06 with updated
counts presented in Table 5.1 from Crawford et al. (2007a) to obtain an estimate of
population trends in 2003/04. All breeding gannets from Lambert’s Bay were chased
away by Cape fur seals (Arctocephalus pusillus pusillus) in 2005/06 (Crawford et al.
2007a), so population change there was calculated from 2001/02 to 2004/05. All five
breeding populations showed negative per capita growth rates between 2001/02 and
2005/06 (between -9.6% and -2.5%). The three largest colonies declined fastest,
producing a negative relationship between colony size and rate of population change
(slope = -1.01, r2 = 0.39). This result is opposite to the result of Lewis et al. (2006) as
presented in their Fig. 1. In the new dataset Cape gannets from colonies that
decreased fastest (2001/02-2005/06) made shorter trips, had larger daily energy gain
and a better body condition (Fig 5.7A + B). We therefore doubt that behavioural vari-
ables alone can be used as proxies for colony health status. For instance predation
plays a prominent role in determining breeding success and perhaps also in breeding
numbers (chapter 3). At Malgas predation pressure by kelp gulls (pers. obs.), great
white pelicans (Pelecanus onocrotalus) (de Ponte Machado 2007) and Cape fur seals
(Makhado et al. 2006) increased dramatically over the last few years, lowering the
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Figure 5.7. A) Daily rate of energy gain (kJ d-1) from Lewis et al. (2006) plotted against rate of
population change in Cape gannets between 2001 and 2005. B)Trip duration (h) from Lewis in
relation to rate of population change in Cape gannets between 2001 and 2005. The black dots in
5.7B are data from this study, but regression lines are only calculated from data of Lewis et al.
(2006).
recruitment into the breeding colony, or even the settlement patterns, both affecting
population dynamics. Mortality in Cape gannets is highest soon after fledging
(Oatley et al. 1992) and associated with mass at fledging (Jarvis 1974). So, the better
quality of the chicks from Ichaboe would potentially affect recruitment rates posi-
tively (Reid et al. 2003). Thus behavioural data on the foraging parents and the
growth of their chicks do help to understand the potential health status of colonies;
however a full demographic analysis is needed if we are to understand the recent
changes in the breeding population of the Cape gannet.
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Seabirds fly considerable distances during the breeding season in search for food
for themselves and their young. Variation in the distance from the breeding
colony to the offshore food resources likely impacts the energy spent on foraging
trips. Seabirds are presumed to minimize these foraging costs and the use of
winds may contribute to save energy. In 2005/06 and 2006/07 we measured
foraging behaviour, derived time budgets (commuting, hunting or drifting on the
sea surface) and measured the associated daily energy expenditure in two
colonies of breeding Cape gannets (Morus capensis). Around Ichaboe Island
(Namibia) the winds were stronger and more variable than at Malgas Island
(South Africa). Gannet foraging trip duration did not vary between the islands,
but the allocation of time during trips differed; at Ichaboe, gannets spent more
time hunting during foraging trips, and less time drifting on the sea surface
compared to Malgas birds, while time commuting was similar. Gannets from
Malgas made considerable more dives during foraging than Ichaboe gannets (72
and 42 dives per foraging trip respectively). Daily energy expenditure (DEE) was
on average 4203 kJ d-1 (± 693, n = 27), which was 5.5 times BMR, and did not differ
between the islands. Energetic costs of foraging increased with wind speed and
the fraction flying during foraging trips. The flight costs were 87.4 Watts for
gannets from Malgas and 82.0 Watts for Ichaboe gannets, after correction for wind
speed. We propose that average DEE at Malgas and Ichaboe were similar because
both populations were working at their sustainable energetic expenditure. The
increased energetic cost during foraging at Malgas was associated with the large
number of dives and less profitable winds: taking off after each plunge-dive
would be more costly in weaker winds. Malgas Island gannets may have compen-
sated for their costly diving behaviour by resting more at the sea surface, whereas
at Ichaboe Island the more profitable food conditions kept gannet DEE at sustain-
able levels.
INTRODUCTION
The breeding period of birds is often characterised by high daily energy expenditure
(Drent & Daan 1980). Breeding birds have to collect enough food to sustain their own
energy requirements and need to provide their offspring with energy for growth and
survival. Seabirds face especially stringent energetic constraints on their foraging
behaviour by the spatial separation of breeding (land) and foraging (sea) areas. Food
abundance is often patchy and unpredictable in pelagic habitats compared to terres-
trial habitats, and seabirds have to cover long distances to obtain sufficient food
(Shealer 2002). Variation in the distance from the colony to the offshore feeding sites
influences the balance of energy gained and spent during foraging trips. Avian flight
is one of the most expensive behaviours known, associated with energy expenditure
up to 12 times the Basic Metabolic Rate (Masman & Klaassen 1987, Adams et al. 1991).
Flight is a major component of marine birds’ energy budgets and energy expenditure
of pelagic seabirds can therefore be twice as high as those of land birds (Ellis &
Gabrielsen 2002, Tieleman & Williams 2000).
Seabirds have evolved behavioural and morphological adaptations that minimise
the energetic costs of flying. The high aspect-ratio of many seabird wings most likely
evolved to take advantage of prevailing oceanic winds to soar and decrease flying
costs (e.g., Schreiber & Chovan 1986, Weimerskirch et al. 2000a). Albatrosses conserve
energy by optimising the use of wind conditions during dynamic soaring flights
(Weimerskirch et al. 2000a). Albatross body morphology does not allow sustained
flapping flight (Alerstam et al. 1993) causing them to remain at the sea surface during
periods of low wind speeds to conserve energy (Jouventin & Weimerskirch 1990).
Strong winds are not always advantageous; strong headwinds can significantly
increase the foraging costs (Weimerskirch et al. 2000a) and also stir up the sea surface,
which makes it harder for seabirds to locate prey from the air (Finney et al. 1999).
While energy expenditure has been measured in several seabird species during
breeding (e.g., Adams et al. 1991, Hodum & Weathers 2003), this has rarely been done
in relation to behaviour during foraging trips (Shaffer et al. 2001, Jodice et al. 2003).
We equipped breeding Cape gannets (Morus capensis) with GPS loggers, which
yielded high spatio-temporal resolution information on the movements, flight speed,
total distance covered, time spent hunting, number of dives, etcetera. At the same time
we injected these birds with doubly labelled water (DLW) and collected blood
samples after the birds’ return to the colony, a method to obtain estimates of daily
energy expenditure (DEE, kJ d-1). With the simultaneous application of DLW and
GPS logging we have the opportunity to assess gannet daily foraging routines in
detail.
All the gannetries at the southern African west coast have recently declined in
numbers, a decline associated with a decreased availability of anchovies (Engraulis
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encrasicolus) and sardines (Sardinops sagax) (Crawford et al. 2007a). The reduced
availability of these pelagic prey species increased the duration of foraging trips of
Cape gannets (Lewis et al. 2006, Pichegru et al. 2007), and most likely also the foraging
costs. We tested whether energy expenditure increased with longer foraging trips and
also investigated in more detail which behaviours are costly to Cape gannets. We aim
to (1) investigate the energy expenditure during foraging of Cape gannets, and (2)
understand how foraging behaviour and energy expenditure are associated with
environmental conditions. Extending the study over two island colonies character-
ized by different population dynamics allows us to speculate on these population
changes in relation to individual behaviour and physiology.
METHODS
Foraging behaviour and energy expenditure of Cape gannets were investigated
during two breeding seasons (2005/06 and 2006/07) at Malgas Island (South Africa,
33°05’S 17°93’E) and in one year (2005/06) at Ichaboe Island (Namibia, 26°29’S
14°94’E). Due to changes in local food availability around Ichaboe Island in 2006/07,
gannets increased their foraging trip durations (chapter 3) and we refrained from
further disturbances to the birds for fear of causing them to desert their offspring. No
data is therefore collected from Ichaboe gannets in 2006/07.
GPS logging
Cape gannets at different stages of the breeding cycle were selected to be equipped
with GPS-loggers (Technosmart, Rome). Gannets that left their chick and partner to
commence a foraging trip were caught using a hooked pole, measured (length of the
flattened wing chord to the nearest mm and bill to the nearest 0.1 mm) and weighed
(to the nearest 25 g). We attached the GPS-logger, sealed in two polyethylene bags, to
their lower back and tail feathers with waterproof Tesa®-tape (Beiersdorf AG,
Hamburg). The devices and the bags weighed about 50 g, i.e. approximately 2% of
the adult body mass. Biometry and attaching the logger took ca. 5 min, after which
the gannet was released near the colony. The same GPS-loggers had no obvious
adverse effects on Cape gannet foraging behaviour in previous studies (Grémillet et
al. 2004, Lewis et al. 2006). The single chick of each focal bird was measured for bill
length, wing length and body mass (<1 kg to 5 g; >1 kg to 25 g) to obtain an estimate
of its age. The nest was marked and monitored once per hour. When the gannet with
the logger returned it was captured, the logger retrieved and the bird was put back
on its nest. The sexes could not be distinguished in the field, so DNA isolated from
collected breast feathers was used to determine their sex in retrospect (see Fridolfsson
& Ellegren 1999 for detailed methods).
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Track analyses
The GPS-loggers recorded geographic positions of each bird at 10 sec intervals (ca. 10
m resolution). We converted the geographic coordinates of each GPS fix into a flat,
two-dimensional surface through the Albers’ Equal Area Projection (Snyder 1982), to
correct for the curved earth surface. From consecutive GPS positions of the gannets
(pt = position time t) we could calculate the distance travelled (Dt = distance between
pt-1 and pt). Travelling speed was calculated from the distance and time between
consecutive points (usually 10 s intervals). During actual foraging we expect gannets
to be less consistent in direction than during directional flight, and to have increased
path sinuosity. Sinuosity at time t was defined as the ratio between the distance flown
(DF) along the GPS path and the straight line displacement (Di) between the start and
end of the sinuosity window (t±2). So, DFt = Σ √((xt-1 – xt)2 + (yt-1 – yt)2) for t = –1 to
t = 2, and Dit = √((xt-2 – xt+2)2 + (yt-2 – yt+2)2), where x & y correspond with the
projected coordinates (m) of longitude and latitude respectively.
By looking at actual speed, as well as sudden changes in speed and sinuosity, we
were able to identify the following behavioural categories on each track:
(1) Out-flight: from the start of the track (departure from the colony) until the sinu-
osity of the track was >3.3. This section is characterised by high flight speeds
(usually over 40 km h-1).
(2) Return-flight: section of the track from last fishing activity back to the colony,
characteristics similar to (1) and it is identified in a similar way by the algorithm
(traversing the track in reverse order).
(3) Diving: section of the track characterised by a sudden drop in speed, from >20 km
h-1 to values close to zero (dives).
(4) Drifting on sea surface: characterized by speeds below 10 km h-1. This includes
the overnight section, when gannets sleep on the water surface and drift along
with ocean current and prevailing winds.
(5) Hunting (search flight): the remaining sections of the track, characterized by
medium flight speeds (between 10-40 km h-1) and higher values of sinuosity than
out- or return-flights. This section possibly includes commuting between feeding
grounds, with parts of directional flight, but we consider this as searching for new
prey patches.
The determination of the number of dives was calibrated with diving data obtained
from Temperature Depth loggers (earth & OCEAN Technologies, Kiel) attached to the
same birds (Mullers, unpublished data). The number of dives determined with the
GPS data was strongly and positively correlated with the number of dives estimated
from the TD loggers (Pearson r = 0.807, P < 0.001, n = 24 individuals).
The time budget during foraging trips was described as: Commuting (out- and
return-flight) + Hunting + Drifting on the sea surface = Trip duration. Time budgets
were analysed in hours and in fractions (of time between injection of DLW and final
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blood sample). Cape gannets are visual hunters that do not forage at night (for
detailed time budgets during foraging trips, see Ropert-Coudert et al. 2004b). Gannets
from both colonies were inactive for at least nine hours per night. For the analyses of
behaviour we were only interested in the active phase, so we subtracted nine hours
for each night that was included in the foraging trips (daytime trip duration). The
GPS tracks were collected within two months at each island, too short for these
activity patterns to be influenced by seasonal changes in the light-dark cycle. In total
we obtained GPS data form 147 birds of known sex (Malgas: 34 in 2005/06, 55 in
2006/07; Ichaboe: 58 in 2005/06).
Hourly weather parameters (wind speed, wind direction and ambient tempera-
tures) were available for each colony. For each foraging trip we calculated the average
of the weather variables during the hours of the foraging trip. Weather data for
Langebaan (Malgas Island) were obtained from the South African Weather Service
and for Stony Point (Ichaboe Island) from the Namibian Ministry of Fisheries and
Marine Resources.
Doubly labelled water method
In each year we injected doubly labelled water (DLW) in Cape gannets equipped
with GPS-loggers to estimate energy expenditure during foraging trips (Nagy 1980).
Breeding birds were subcutaneously injected with 0.5 ml DLW per kg of bird. We
used two DLW mixtures with different enrichments of the two isotopes (mixture 1:
water with 39.58 atom-% 2H and 58.54 atom-% 18O; mixture 2: water with 34.32 atom-
% 2H and 63.76 atom-% 18O). Immediately after injection the birds were released near
the colony. To estimate initial enrichment of the isotopes in the body, we kept seven
gannets individually in a box and took a blood sample from a brachial vein approxi-
mately 1 h after injection. These birds were then released near the colony and all of
those gannets left the colony within minutes. When a gannet came back from its
foraging trip it was captured, the logger was removed, the bird was weighed and the
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Photo 6.1. Blood sampling
final blood sample was taken (photo 6.1). Six duplicates of each blood sample were
conserved in flame-sealed capillaries. An additional 12 birds (4 per year and per
island) were bled to determine the natural background levels of the heavy isotopes.
All isotope analyses were conducted at the Centre for Isotope Research
(University of Groningen). The blood from the sample capillaries was first distilled in
a micro-distillation system. The actual δ18O and δ2H measurements were performed
on the distilled water in automatic batches using a Hekatech High Temperature
Pyrolysis unit (Gehre et al. 2004) in which the injected water reacted with the glassy
carbon available in the reactor:
H2O + C -> H2 + CO
The H2 and CO gas emerged into a continuous He flow through the system and
were then led through a GC column to separate the two gases in time, and fed into a
GVI Isoprime Isotope Ratio Mass Spectrometer for the actual isotope analysis.
Calibration has been realised using the full co-measurement (including the distilla-
tion process) of the appropriate selection out of a set of eight gravimetrically prepared
standard waters. We used one standard at the high-end of the scale and one at the
low-end to calibrate the scale. A third, mid range standard, was also co-measured and
its value and spread gave a firm indication of the quality of the calibration. Further
quality checks included the spread of initial values for similar conditions, the spread
of δ2H/δ18O ratios for initials and finals, and both absolute and relative duplo differ-
ences. Typical relative duplo differences should be below 2.5% for δ2H, and below 1%
for δ18O. For samples that exceeded these values a third sample was analysed.
The decay rates of both isotopes were calculated as described in Speakman (1997).
The energy equivalence of CO2 we used was 27.33 kJ l-1 CO2 (Gessaman & Nagy
1988). The calculation of energy turnover rates during the flights was done according
to the formula DEE (kJ d-1) = CO2 production (mol h-1) x 22.4 l x 27.33 kJ l-1 x 24 h (see
Speakman 1997). The average initial values of the isotopes of the seven gannets used
to determine initial enrichments were 1884 kJ (± 126.8) for δ2H and 237 kJ (± 17.7) for
δ18O. Because we injected a constant volume of DLW per kg of gannet, these initials
values were averaged and used for all gannets. DLW was injected to the nearest 0.05
ml. We scaled the initial values for each bird of which we took no initial sample
according to the amount of DLW injected and their body mass.
We injected 45 Cape gannets with doubly labelled water (Malgas n = 26; Ichaboe
n = 19), from which we collected 41 final blood samples. The four other birds stayed
away too long after injection, so the isotopes in the final blood samples would have
been too close to background values. The 41 final samples were analysed for isotope
concentrations of 18O and 2H. We rejected 14 samples as unreliable for estimation of
DEE: five samples had 18O or 2H too close to background values, in seven samples
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the duplicate concentration measurements varied more than 5% for either one of the
isotopes, and two samples were from birds that made short foraging trips during
which the isotopes probably did not equilibrate completely in the body water pool.
From 27 birds we yielded an estimate of DEE during the trip (Malgas: 8 in 2005/06, 8
in 2006/07; Ichaboe: 11 in 2005/06).
Statistical analyses
Results are presented as mean ± standard deviation. We analysed trip duration, time
budgets and number of dives during the trip with respect to wind speed, wind direc-
tion and ambient temperatures, using General Linear Models (SPSS 14.0). None of the
parameters was transformed to better understand the estimates from the statistical
models. The residuals for all the final models presented were normally distributed.
For all models we deleted all non-significant explanatory variables backwards until
the final model was obtained. The wind direction was in degrees from the north. Due
to the prevailing southern winds, this parameter was normally distributed and
needed no transformation. Three birds made more than 200 dives and two birds
foraged when the wind came from a northwest direction (>300). We present the
diving analyses without these five cases in order to better interpret the estimates
during prevailing conditions. The statistical outcomes however were the same for the
models with these outliers. All models that explored the association between DEE
and weather and foraging variables were built up in the same way: island, year and
time of day (morning or afternoon) were included as factors and body mass and the
weather parameters (temperature, wind speed and wind direction) as covariates. As
behavioural variables we included fractions flying (commuting + hunting), hunting
or drifting on the sea surface, flight speed and diving rate (dives per hour hunting).
RESULTS
Weather conditions at the colonies
The wind conditions differed significantly between the two breeding colonies.
Gannets from Malgas Island had to forage in weaker winds than the birds from
Ichaboe (17.6 km h-1, n = 89; 29.2 km h-1, n = 55 respectively, One-way ANOVA:
F1,143 = 89.0, P < 0.001). Around Ichaboe the winds also showed more variation in
strength than around Malgas (standard deviations: Malgas 5.2; Ichaboe 9.6). The
wind direction also differed slightly between the islands; the winds around Malgas
came from south-southwest (194 degrees from north), whereas around Ichaboe the
winds came from southwest (223 degrees from north, One-way ANOVA: F1,143 = 34.2,
P < 0.001). The average temperature during foraging trips was the same on both
islands (mean 18.3º C ± 2.1, One-way ANOVA: F1,143 = 1.5, P = 0.225).
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Foraging behaviour
We first investigated which variables were associated with daytime trip duration
(total trip duration minus night hours). In 2005/06, when we obtained data on
foraging behaviour from both islands, the average daytime trip duration did not
differ between Malgas and Ichaboe (18.0 h ± 8.4, n = 34 and 17.1 h ± 7.7, n = 58 respec-
tively). On Malgas trips were 2.8 h longer in 2005/06 than in 2006/07. Foraging trips
of female gannets were on average 3.2 h longer than male trips (females 18.0 ± 7.6,
n = 74; males 14.8 ± 7.0, n = 73) and these sex differences were most pronounced at
Malgas in 2005/06 (Fig 6.1). Heavier gannets made shorter trips than lighter birds,
but wing size was not associated with daytime trip duration. Foraging trip duration
was not associated with any of the weather parameters. In the final model sex and
body mass explained only 9.1% of the variation in daytime trip duration (Table 6.1).
No significant interactions were found. The total distance flown during foraging trips
was strongly and positively correlated with daytime trip duration (r = 0.867, r2 =


























Figure 6.1. The average daytime trip
duration (h) (± 1 SE) of Cape gannets
per sex. Data are from Malgas Island
and Ichaboe Island during two years.
The averages are calculated from a total
of 147 GPS tracks of foraging trips.
B (SE) F1,139 P
Intercept 33.04 (7.51) 21.2 < 0.001
Sex 10.2 0.002 **
Females 3.93 (1.23)
Body mass (kg) -7.30 (2.96) 6.1 0.015 *
Rejected variables: R2 = 0.091
Island, Year, Sex, Time of day, Wing
Wind speed & direction, Temperature
Table 6.1. Results for a GLM with trip duration of Cape gannets as dependent variable. Data are
from two years (2005/06 and 2006/07) and from two breeding colonies.
The time allocation during foraging trips (expressed in hours commuting, hunting
or drifting on the sea surface) did not differ between the sexes or years and was not
associated with any of the weather variables. The hours commuting were not associ-
ated with the daytime trip duration and did not differ between the islands (Fig 6.2A,
Table 6.2A). Both the hours spent hunting and the hours spent drifting at the sea
surface were positively associated with daytime trip duration (Fig 6.2B + C, Table
6.2B + C). At Ichaboe Island the gannets spent more time hunting than at Malgas,
whereas at Malgas the gannets spent more of their time drifting on the sea surface
(Fig 6.2B + C). Furthermore, gannets that left earlier during the day spent more of
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Figure 6.2. Time allocation of
Cape gannets from two colonies
during foraging trips. Plotted is
A) hours commuting, B) hours
hunting, and C) hours drifting at
the sea surface against daytime
trip duration. Data are collected
from a total of 147 GPS tracks of
foraging trips. The black dots
represent data from Malgas
Island during two years (2005/06
and 2006/07) and the white dots




A) Commuting (h) B (SE) F1,137 P
Intercept 1.13 (0.21) 29.4 < 0.001
Daytime trip duration (h) 0.02 (0.01) 1.9 0.169
Rejected variables: R2 = 0.070
Island, Year, Sex, Time of day, Body mass, 
Wind speed & direction, Temperature
B) Hunting (h) B  (SE) F1,136 P
Intercept 1.96 (0.49) 1.4 0.242
Island 69.8 < 0.001 **
Malgas -2.93 (0.35)
Daytime trip duration (h) 0.39 (0.02) 274.4 < 0.001 **
Rejected variables: R2 = 0.733
Year, Sex, Time of day, Body mass, 
Wind speed & direction, Temperature
C) Drifting (h) B  (SE) F1,135 P
Intercept -3.35 (0.49) 12.9 < 0.001
Island 73.5 < 0.001 **
Malgas 2.97 (0.35)
Time of day 4.1 0.044 *
Morning 0.69 (0.34)
Daytime trip duration (h) 0.59 (0.02) 635.1 < 0.001 **
Rejected variables: R2 = 0.839
Year, Sex, Body mass, Wind speed & direction,
Temperature
Table 6.2. Results for a GLM with hours A) commuting, B) hunting, and C) drifting during
daytime foraging trips of Cape gannets as dependent variables. The r2 is for each final model
presented in the table. Data are from two years (2005/06 and 2006/07) and from two breeding
colonies.
their time drifting on the sea surface (Table 6.2C). In none of the models the interac-
tion between island and daytime trip duration contributed significantly to the
explained variance. The fraction drifting on the sea surface (as fraction of daytime
trip duration) increased with foraging trip duration, but faster so at Ichaboe. This was
because during shorter trips Malgas birds spent a larger fraction of their time drifting
on the sea surface, and this difference between the islands diminished during longer
trips (island x fraction drifting F1,136 = 4.6, P = 0.033).
Cape gannets made on average 59.6 dives (± 35.5) per foraging trip. Gannets from
Malgas made about 30 dives more per foraging trip than Ichaboe birds (Malgas 71.5 ±
35.4, n = 86; Ichaboe 41.8 ± 27.7, n = 58, One-way ANOVA: F1,145 = 25.1, P < 0.001).
The number of dives per foraging trip increased with stronger winds (Fig 6.3A), but
was not associated with temperature or wind direction and did not differ between
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Figure 6.3. The number of dives of Cape gannets plotted against A) wind speed (in km h-1), B)
daytime trip duration (h), and C) diving rate (dives per hour foraging) plotted against time spent
hunting during the foraging trip. Data are collected from a total of 147 GPS tracks of foraging
trips. The black dots represent data from Malgas Island during two years (2005/06 and 2006/07)
and the white dots are data from Ichaboe Island in 2005/06.
the sexes or years (Table 6.3). Gannets made more dives during longer trips and this
increase was stronger at Malgas than at Ichaboe (Table 6.3, Fig. 6.3B). The diving rate
(dives per hour hunting) was constant between the islands with daytime trip dura-
tion, but at Malgas gannets had a higher diving rate (GLM: island F1,138 = 53.0,
P < 0.001; trip duration n.s.; island x trip duration n.s.). The diving rate decreased at
both island when more time was spent hunting, but at Malgas at a faster rate than at
Ichaboe (interaction: island x hunting F1,132 = 10.4, P = 0.002; Fig. 6.3C). This was due
to the higher diving rate of Malgas gannets when little time was spent hunting.
Ground speed during flight could be accurately derived for all trips. At Malgas
gannets flew on average 5 km h-1 faster than gannets from Ichaboe (48.1 km h-1 ± 6.1;
43.1 km h-1 ± 4.6, respectively, One-way ANOVA F1,145 = 28.5, P < 0.001). Flight speed
did not differ between the sexes and was not associated with any of the wind para-
meters.
Daily energy expenditure
From 27 Cape gannets we obtained reliable estimates of DEE. These gannets weighed
on average 2507 g (± 190) at time of injection and the total body water pool was esti-
mated to be 58.0% (± 0.76). In 2005/06 the Malgas birds (2525 g ± 200, n = 8) were
slightly, but not significantly heavier than those at Ichaboe (2464 g ± 159, n = 11).
The average DEE was 4203 kJ d-1 (± 693) for all 27 gannets together. In 2005/06 the
energy expenditure did not differ between the colonies (One-way ANOVA F1,19 =
0.647, P = 0.432) and DEE did not differ between the two breeding seasons at Malgas
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Number of dives B (SE) F1,130 P
Intercept -13.5 (11.42) 1.2 0.284
Island 0.7 0.397
Malgas 8.83 (10.39)
Wind speed (km h-1) 0.64 (0.28) 5.3 0.023 *
Daytime trip duration (h) 2.09 (0.41) 130.5 < 0.001 **
Island x daytime trip duration (h) 15.8 < 0.001 **
Malgas x daytime trip duration (h) 2.21 (0.56)
Rejected variables: R2 = 0.622
Year, Sex, Time of day, Body mass, Wind direction, 
Temperature, Hunting
Table 6.3. Results of a GLM with number of dives during foraging trips of Cape gannets as
dependent variable. Data are from two years (2005/06 and 2006/07) and from two breeding
colonies.
Island (One-way ANOVA F1,14 = 0.621, P = 0.444). Daily energy expenditure was
slightly higher in females (4306 kJ d-1 (± 914)) than in males (4190 kJ d-1 (± 659)), but
not significantly (One-way ANOVA F1,20 = 0.119, P = 0.733). In a GLM that included
island, year and body mass, DEE was not associated with any of these variables.
Sex was unknown in five individuals and age of the chick of two gannets of which
we knew DEE. We first explored whether there was any association between DEE
and either sex or chick age in these smaller datasets. We found no significant associa-
tion between DEE and sex or chick age and for further analyses we ignored sex and
chick age and included the data of all 27 individuals explore variation with weather
parameters and foraging behaviour.
DEE of Cape gannets was significantly and positively correlated with the distance
flown (r = 0.430, P = 0.025, Fig. 6.4A) and tended to be associated with flight speed
(r = 0.378, P = 0.052). None of the other foraging variables, like trip duration, hours
flying, number of dives, etcetera, were correlated with DEE. We then investigated
whether DEE was correlated with the time budgets. DEE was positively correlated
with the fraction hunting (r = 0.386, P = 0.047), not with the other fractions. As a final
step we made models that included the weather variables and the fractions flying or
hunting to explain variation in DEE. The model with the fraction flying explained
most of the variation found in DEE (37.8%). DEE was higher at Malgas Island than at
Ichaboe when controlled for wind speed and fraction flying, without differences
between the two years (Table 6.4). DEE was not associated with departure time or
body mass. DEE was also not associated with wind direction and ambient tempera-
ture, but increased with stronger winds (Fig. 6.4B). Gannets that flew a larger fraction
of their foraging trips had increased DEE. The number of dives and flight speed were
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Figure 6.4. A) DEE (kJ d-1) of Cape gannets from two breeding colonies plotted against total
distance (km) covered during foraging trips. B) DEE (kJ d-1) of Cape gannets from two breeding
colonies plotted against wind speed (km h-1). Sample sizes are 16 for Malgas Island and 11 for
Ichaboe Island.
not associated with DEE in this model. The interactions between island and both
wind speed and fraction flying were not significant, nor the interaction between wind
speed and fraction flying.
With this model we could calculate the actual flight costs for different fractions
flying during foraging trips. Average wind speed differed between the islands, so we
calculated the wind speed fraction independent part of the DEE per island (inter-
cept). We used the average wind speed per island during the foraging trips of
gannets we injected with DLW (Malgas 16.3 km h-1; Ichaboe 34.4 km h-1). The regres-
sion lines per island are then:
DEE Ichaboe = 2773 + (4310.6 x fraction flying) kJ d-1
DEE Malgas = 3239 + (4310.6 x fraction flying) kJ d-1
Substitution of the actual average fraction flown during foraging trips on each
island predicts DEE quite accurately. At Ichaboe Island the DEE predicted from the
model is 4094.4 kJ d-1 and we measured 4093.4 kJ d-1, whereas at Malgas the
predicted DEE was 4212.1 kJ d-1 and we measured 4211.5 kJ d-1. The basal metabolic
rate (BMR) of Cape gannets has been determined by Adams et al. (1991) as 718 kJ d-1,
but they used 25.8 kJ l-1 as an energy equivalence of CO2. We recalculated BMR with
27.33 kJ l-1 as energy equivalence, which yields a BMR of 761 kJ d-1. If gannets from
both islands would not fly during the day, energy expenditure from our data is esti-
mated to be 3.6 times BMR (2773.0 kJ d-1) at Ichaboe and 4.3 times BMR (3239.0 kJ d-1)
at Malgas. If, on the other hand, gannets would fly the whole day, energy expendi-
ture would be 9.3 times BMR (7083.6 kJ) at Ichaboe and about 9.9 times BMR (7549.6
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Number of dives B (SE) F1,130 P
Intercept 829.4 (911.2) 4.9 0.037
Island 10.0 0.004 **
Malgas 1488.6 (470.5)
Wind speed (km h-1) 56.5 (20.13) 7.9 0.010 *
Fraction flying 4310.6 (1536.9) 7.9 0.010 *
Rejected variables: R2 = 0.378
Year, Sex, Time of day, Body mass, Wind direction, 
Temperature, Hunting
Table 6.4. Results for a GLM with Cape gannets DEE expenditure as a dependent variable and
weather and behavioural parameters as potential explanatory parameters. The sample size is 27.
Data are from two years (2005/06 and 2006/07) and from two breeding colonies.
kJ) at Malgas. From these estimates we could calculate flight costs in Watts
((DEE/24)/3.6). Flights costs were 82.0 Watts for gannets from Ichaboe and 87.4 Watts
for Malgas gannets.
DISCUSSION
In this study we explored variation in foraging behaviour and the associated energy
expenditure of Cape gannets from two breeding colonies. Foraging trip duration did
not differ between the islands, but gannets from Malgas Island (South Africa) spent
less time hunting, and made considerably more dives during their foraging trips than
birds from Ichaboe Island (Namibia). The average DEE was 4203 kJ d-1 (about 5.5
times BMR) and did not differ between the islands. Within islands DEE increased
with wind speed and the fraction flying during trips. When corrected for wind speed,
flight costs were slightly higher at Malgas (87.4 Watts) than at Ichaboe (82.0 Watts). At
Malgas these foraging costs were associated with more dives during foraging trips in
weaker winds compared to Ichaboe.
Local environments
Cape gannets from both colonies breed under low local food abundance; the
Namibian waters are heavily over-fished and on the South African west coast the
availability of the pelagic fish species is low due to a distributional shift south-east-
wards (van der Lingen et al. 2005, Crawford et al. 2007a). Cape gannet chicks from
Ichaboe had faster growth rates during three consecutive breeding seasons. Chicks
from Ichaboe were also heavier at fledging in 2005/06 and had higher survival rates
than chicks from Malgas (chapter 5). This suggests that food around Ichaboe was
more abundant, of better quality or at least more predictable than at Malgas (Keller &
van Noordwijk 1994, Suryan et al. 2002, Wanless et al. 2005). Wind conditions also
differed between the colonies. The winds around Ichaboe Island were stronger, and
also more variable in strength than the winds around Malgas. Gannets from the two
breeding colonies could therefore make use of these winds in different ways, which
would affect their foraging behaviour (Weimerskirch et al. 2000a).
Foraging behaviour
We derived the number of dives from changes in travelling speeds recorded by GPS
loggers. Grémillet et al. (2004) equipped gannets from Malgas with time-depth
recorders and found an average of 68 dives per trip, which was similar to our finding
of 72 dives per trip. Our results also did not differ from other studies (Ropert-
Coudert et al. 2004a, Pichegru et al. 2007), when taking into account the differences in
trip duration.
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Cape gannets from the two breeding colonies did not differ in foraging trip dura-
tion, but allocated their time differently during these trips. Gannets from Malgas spent
less time hunting and more time drifting on the sea surface during foraging trips than
birds from Ichaboe. As a consequence gannets from Malgas had a faster travelling
speed than birds from Ichaboe, because they spent fewer hours in search flight, which
is less directional and thus slower. It has been suggested that gannets from Malgas use
the prevailing southern winds to increase their flight speed on their homebound
journey (Grémillet et al. 2004). Gannets from Malgas made considerably more dives
during foraging trips then birds from Ichaboe. Also, for Malgas birds, the number of
dives increased at a faster rate with the duration of foraging trips than at Ichaboe (Fig
6.3B). This suggests that at Malgas the gannets made more dives during which fewer
or smaller prey was caught and therefore the food conditions were less profitable than
around Ichaboe. Stronger winds increased the number of dives, perhaps due to lower
success rates per dive (Finney et al. 1999). This is only probable at Ichaboe (Fig 6.3A),
as at Malgas the gannets always need a large number of dives, even under weaker
winds. This again indicates that around Malgas gannets indeed had a lower foraging
efficiency and lower food availability caused the need for more dives per trip.
Energy expenditure
The energy expenditure during foraging trips of Cape gannets amounted to 5.5 times
BMR (4203/761 kJ d-1). In 1981/82 Adams et al. (1991) estimated energy expenditure
of Cape gannets from Malgas and we will compare our results to their estimates.
Adams estimated at-sea energy expenditure of Cape gannets to be 6.5 times BMR in
the breeding season of 1981/82. From our data we could not derive an at-sea meta-
bolic rate. However, we could average the DEE of gannets that spent at least 97% of
their time from the nest, to obtain an indication of at-sea DEE. Average DEE for these
birds was 4418 kJ d-1, 5.8 times BMR.
Adams et al. (1991) found a positive relationship between DEE and time off nest
(Litres CO2 d-1 = 1.0 x (% time off nest) + 81). In our study the gannets spent on
average 85% of the time between the injection with DLW and the final blood sample
off the nest. If we want to compare the DEE of gannets during our study with that of
gannets measured by Adams, we should fill in 85% (time off nest) in Adam’s equa-
tion. The DEE would then be 6.0 times BMR in 1981/82, almost similar to our results.
Adams estimated the metabolic rate of gannets that spent the whole day at the nest to
be 2.9 times BMR. In our study the metabolic rate of gannets when not flying was 4.3
times BMR. This value is based on expenditure at the nest and on the sea surface.
Cold sea water elevates energy expenditure (Humphreys et al. 2007), which would
account for the difference we find with the metabolic rates measured by Adams. So in
general we can conclude that DEE of Cape gannets during our study did not differ
substantially from DEE of gannets in 1981/82.
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It has been suggested that Cape gannets were working at their energetic limits
(Lewis et al. 2006, Pichegru et al. 2007), and that they could only marginally increase
their foraging effort if needed. During our study, DEE did not differ between gannets
from the two breeding colonies, which is consistent with this hypothesis. Gannets
from Malgas also did not allocate more time to hunting, even when their chicks were
growing poorly (chapter 5). This would suggest lower energetic flexibility of Cape
gannets during foraging trips. The gannets spent about the same amount of energy
during foraging trips as in 1981/82 (Adams et al. 1991). In 1981/82 good quality prey
was readily available for gannets from Malgas (Berruti et al. 1993), which would facil-
itate increased energy expenditure. The energetic gain during foraging trips for
gannets in our study would be lower, due to reduced availability of food (Crawford
et al. 2007a) and the lower quality of alternative prey (Batchelor & Ross 1984,
Pichegru et al. 2007). We propose that Cape gannets at Malgas and Ichaboe were
foraging at their energetic sustainable levels, likely due to a decrease in energy gain
during foraging trips.
Flight costs
Sustained flapping flight and plunge-diving behaviour are associated with the high
at sea metabolic rates of seabirds (Birt-Friesen et al. 1989, Shaffer et al. 2001, Jodice et
al. 2003). At sea DEE in northern gannets (Morus bassanus), for example, was esti-
mated to be 8.1 times BMR (Birt-Friesen et al. 1989), in Cape gannets this was 6.5
times BMR (Adams et al. 1991). In our study Cape gannet DEE was positively corre-
lated with the fraction hunting during foraging trips, which incorporates increased
flapping during search flights and plunge-diving. These findings are in accordance
with energy expenditure of black-legged kittiwakes (Rissa tridactyla) (Jodice et al.
2003). Birt-Friesen et al. (1989) also measured flight costs in northern gannets, which
allows a comparison with the flight costs of Cape gannets. The flight costs of Cape
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Figure 6.5. DEE (kJ d-1) of Cape gannets
from two breeding colonies plotted
against the fraction flying during the
time injected with DLW. Sample sizes
are 16 for Malgas Island and 11 for
Ichaboe Island.
gannets were 82.0 Watts for gannets from Ichaboe and 87.4 Watts for Malgas gannets,
after correction for wind speed. Without correcting for wind speed or island differ-
ences, flight costs would be 71.0 Watts, but this is derived from a non-significant
regression between DEE and fraction flying (Fig. 6.5). For northern gannets, DEE
when only flying was 11.3 times BMR (equation from Fig. 1 in Birt-Friesen et al. 1989),
which accounts to flight costs of 96.9 Watts. Northern gannets weigh on average 0.7
kg more, which would account for part of the difference with Cape gannets.
Several studies have evaluated the effect of wind speed on foraging costs. Wind
speed either decreases flight costs for seabirds due to increased time spent soaring
(Flint & Nagy 1984, Ballance 1995) or birds were less active during periods of weak
winds (Schreiber & Chovan 1986, Jouventin & Weimerskirch 1990, Furness & Bryant
1996). In Cape gannets stronger winds increased energy expenditure, perhaps due to
increased wing flapping (Alerstam et al. 1993, Weimerskirch et al. 2000a) or decreased
foraging success due to rippling of the sea surface (Finney et al. 1993). At Ichaboe,
gannets needed more dives with stronger winds, indicating indeed a decreased
foraging success under stronger winds, which increased flight costs. Although heart
rate was not much higher during flapping flight compared to gliding (Ropert-
Coudert et al. 2006), sustained periods of flapping flight during stronger winds
would likely increase metabolic rates of foraging gannets. The winds around Malgas
were possibly not strong enough for longer periods of gliding, increasing flight costs.
Conclusion
We suggest that Cape gannets from Malgas and Ichaboe were foraging at the bound-
aries of their sustainable energetic expenditure. The weaker winds around Malgas
would make it harder for gannets to take off from the water after each dive and
increase energy expenditure (Furness & Bryant 1996, Shaffer et al. 2001). Gannets here
spent a larger fraction of their trip drifting on the sea surface, which not only allowed
them to digest the food ingested during foraging (Ropert-Coudert et al. 2004b), but
also seemed to buffer the increased costs of sustained flapping flight and plunge
diving (Falk et al. 2002). At Ichaboe, the more reliable food supply and the potential
use of stronger winds during foraging (Jouventin & Weimerskirch 1990, Gilchrist et
al. 1998, Weimerskirch et al. 2000a) kept the energetic costs at sustainable levels. It
seems that Cape gannets are nevertheless restricted in their possibilities to decrease
foraging costs. Their morphology does not allow sustained soaring flight (Ropert-
Coudert et al. 2006), their foraging range is restricted to the coastal zone (Grémillet et
al. 2004) and low food availability and poor quality alternative prey decreases their
energetic income (Pichegru et al. 2007, this study). Currently the Cape gannets
breeding at the west coast of southern Africa may be at the boundaries of their ener-
getic limits and if the food conditions remain the same or even deteriorate, Cape
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The behaviour of Cape gannets and the consequences
for their chicks and population dynamics
at Malgas and Ichaboe Islands; a comparison
Ralf H.E. Mullers
CHAPTER7
In this thesis, I have aimed to obtain insights in the behavioural mechanisms
underlying Cape gannet (Morus capensis) population dynamics. The use of high-
tech GPS loggers provided very detailed information about the whereabouts and
travelling speed of the birds, enabling us to make inferences on behaviour based
on our interpretation of the position and speed of the focal bird.
I spent four breeding seasons in two Cape gannet breeding colonies. I studied
how individuals deal with their dynamical environment by observing behaviour
and interactions with other species, intervening as little as possible. My principal
concern was that I might not be able to capture in data what I witnessed
happening in the colonies. After two breeding seasons I realised that by focussing
on GPS data, we were missing valuable data from the breeding colonies. We there-
fore commenced nest observations to describe the parental attendance and provi-
sioning behaviour and predation at the nest. Variation in foraging trips might be
determined by diet choice so we started to collect diet samples from individuals
equipped with GPS devices, and also of other birds to detect any seasonal varia-
tion in diet choice.
In this chapter I integrate the findings presented in the previous chapters
focussing on the comparison between the Cape gannets breeding at Malgas (South
Africa) and Ichaboe Island (Namibia) between 2003/04 and 2006/07. I discuss the
patterns in the light of new data on food availability.
FOOD AVAILABILITY
Fishery returns
The two main fish forage species in the Benguela ecosystem are anchovies (Engraulis
encrasicolus) and sardines (Sardinops sagax) (Shannon & O’Toole 2003). They are an
important food source for several endemic seabird species (Berruti et al. 1993,
Crawford & Dyer 1995, Crawford 2007). I recently obtained data on the annual
fishery catches (from 1950 to 2006) of anchovies and sardines for Namibia and South
Africa from Marine and Coastal Management (MCM). These fishery data give an
indication of the availability of these fish to Cape gannets, although there are consid-
erable differences in foraging strategies between the purse-seine fisheries and
gannets. Gannets catch pelagic prey during the day and exploit only the top few
meters of the water column (Ropert-Coudert et al. 2004a, b). Commercial fisheries
catch the same prey species mostly during the night and can set their nets to much
greater depths. Also, the fishery returns reflect both the availability of fish and the


































Figure 7.1. Annual fish catches of anchovy and sardine in Namibia (top panel) and South Africa
(bottom panel) between 1950 and 2005.
anchovies off the Western Cape, for example, was already documented in gannet diet
at the time that the fisheries did not catch any (Berruti et al. 1993). Nevertheless, it is
of interest to report the fishery returns as a start.
In the Namibian waters the catches of sardines were at a maximum in 1968 (1.4
million tons), but in the following years they collapsed due to extensive over-fishing
(Crawford 1999, Crawford et al. 2007a; Fig. 7.1). Between 1979 and 2005 about 0.05
million tons (SD 0.03) of sardines were caught annually. Anchovies provided an alter-
native for the pelagic fisheries throughout the whole 1970s and most of the 1980s, but
from 1990 onwards, anchovies were also caught in low amounts (0.016 million t y-1 ±
0.022). For the South African fisheries we see the same decrease in sardine catch,
which preceded the collapse in Namibia by a few years (Fig. 7.1). The catches
remained low until 1994, after which there was a steady increase to 0.3 million ton in
2005. Between 1965 and 1994 anchovies were caught in large amounts in South Africa
(0.26 million t y-1 ± 0.11, Fig. 7.1) and provided an alternative for sardines for both the
fisheries and the Cape gannets (Crawford et al. 2007a).
During my study (2003-2006) no anchovies were caught in Namibia and 0.20
million t y-1 (SD 0.07) by the South African fisheries. Sardines were caught in smaller
quantities in Namibia (0.025 million t y-1 ± 0.004) than in South Africa (0.28 million
t y-1 ± 0.07). Food conditions thus seemed to be better around Malgas Island than
around the colony at Ichaboe. However, the catches in the South African waters
shifted to more eastward fishing grounds, coinciding with the distributional shift of
anchovies and sardines (van der Lingen et al. 2005, Fairweather et al. 2006). In 2005,
the centre of gravity of anchovy and sardine catches was near Cape Agulhas, about
300 km from Malgas (Fairweather et al. 2006).
DIET
Cape gannet diet at Malgas and Ichaboe
Berruti and co-workers (1993) collected diet samples from Cape gannets at Malgas
Island between 1978 and 1989. During the breeding season (from October to
February) 70.9% of the diet samples consisted of anchovies and sardines (in
frequency of occurrence, from Table 2 in Berruti et al. 1993). In the same period the
proportion of saury (Scomberesox saurus) in the samples was 22.8% and the propor-
tion of fishery discards (hakes Merluccius capensis and M. paradoxus) only 2%. The
authors concluded that “The occurrence of hake in gannet diets, available as trawler
offal throughout the year in deeper waters, seems to be associated with a lack of
shoaling fish inshore”.
For Cape gannets from Ichaboe and Malgas we presented diet data from birds
equipped with GPS loggers (Fig. 5.4, chapter 5). Gannets from Malgas had a larger
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proportion of anchovy and sardine in their diet than birds from Ichaboe, but also a
larger proportion of fishery discards (fishery discards: 37.8% and 16.1% respectively,
in frequency of occurrence). The larger fishery returns of anchovies and sardines in
the South African waters were thus reflected in the gannet diet at Malgas.
Nevertheless, during parts of the breeding season a possible lack of inshore shoaling
fish forced Malgas gannets to scavenge behind fishing trawlers. The proportion of
fishery discards in the diet was on average 23.7% (chapter 2), but varied considerably
during the breeding season. In October 2005, for example, the situation was particu-
larly poor, as 92% of the gannet diet consisted of fishery discards (Pichegru et al.
2007). Overall there was a larger proportion of live prey in the diet at Ichaboe, mainly
saury and horse mackerel (Trachurus trachurus), at least in 2004/05 and 2005/06. This
would suggest that gannets from Ichaboe could catch other live prey to compensate
for the lack of anchovies and sardines, and were less dependent on fishery discards.
In 2005/06 and 2006/07 we randomly collected additional diet samples from
gannets at Ichaboe. We listed the prey species in each diet sample and categorised
prey in four groups as in chapter 2: “anchovy & sardine”, “saury”, “fishery discards”
and “other”. Gannet diet consisted for the largest part of saury and fish prey in the
category “other”, mainly horse mackerel and snoek (Thyrsites atun) (Fig. 7.2). Only a
small fraction of the diet consisted of anchovies and sardines and the proportion of
fish offal was 21% during the two years. The proportion fishery discards increased in
the diet in 2006/07 (25.2% vs. 17.3% in 2005/06), suggesting a decrease in the avail-
ability of live prey. This is consistent with the increase in trip durations of parent
gannets and the decrease in chick growth and survival we measured on Ichaboe in
February 2007 (chapter 3).
Traditionally gannets from Ichaboe have a large proportion of fishery discards in
their diet (T. Delport, pers. comm.). At the neighbouring Mercury Island, gannets
returned with horse mackerel and saury in 2003/04 (Lewis et al. 2006). These were the
main prey items in gannet diet at Ichaboe during the three following years. Possibly a
shift in the fish distribution made these prey species available for gannets from
Ichaboe. Data on such a shift are however not available (J.-P. Roux, pers. comm.).
Seasonality in diet
Changes in diet reflect changes in prey distribution (Montevecchi & Myers 1995), or
breeding status (Annett & Pierotti 1999). Sardines are the most profitable prey species
for Cape gannets (Batchelor & Ross 1984, Adams & Klages 1999), but anchovies
provide a good alternative (Berruti et al. 1993, Crawford 1999). When anchovies and
sardines were not available at the beginning of the breeding season, scavenging for
fishery discards seemed to be the only alternative for gannets from Malgas (chapter
2). The proportion of fishery discards in the diet decreased during the breeding
season (Fig. 2.2, chapter 2). From January onwards saury became available and domi-
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nated gannet diets. The pronounced seasonality in the diet of Malgas gannets (Berruti
et al. 1993) reflects the more dynamic oceanographic conditions (Shannon 1985) and
greater seasonality in plankton and fish prey (Shannon & Pillar 1986) around Malgas
Island.
Seasonal variation was less pronounced in the gannet diet on Ichaboe (Fig. 7.2).
Fishery discards occurred throughout the breeding season and only a small propor-
tion of the diet was made up by anchovies and sardines. In contrast with Malgas (Fig.
2.2, chapter 2), there was a slight decrease in the proportion of saury in the diet
through the breeding season. Other prey species such as horse mackerel and snoek
replaced saury. Overall, the abundance of live prey was probably lower at Ichaboe, as
fishery discards occurred in gannet diet throughout the breeding season. Nonetheless
the availability of live prey seemed to be more predictable at each moment of the
breeding season.
This information on fish availability and Cape gannet diet composition provides a
background to the interpretation of our findings on Cape gannet behaviour and
breeding success presented in chapter 2-6.
























Figure 7.2. The proportion of four prey categories in the diet of Cape gannets at Ichaboe Island
throughout the breeding season. Diet samples were collected in 2005/06 and 2006/07 from
breeding adults.
In conclusion, at Malgas Island gannets used fishery discards at the beginning and
saury at the end of the breeding season as an alternative for the decreased avail-
ability of anchovies and sardines, whereas at Ichaboe birds could compensate with
other live prey throughout the year.
FORAGING BEHAVIOUR
Foraging trip duration and total distance covered by gannets from Malgas Island
increased from 2003/04 to 2006/07 (Table 5.4, chapter 5). This coincided with the
south-eastward shift in distribution of anchovies and sardines (van der Lingen et al.
2005). The reduced availability of these species nearby the colony either increased the
search time for prey in the same feeding area, or gannets expanded their foraging
ranges in search for (alternative) prey (Boyd et al. 1994, Suryan et al. 2002). Gannets
allocated less time to hunting during foraging trips in 2005/06 and 2006/07
compared to 2003/04 and 2004/05 (Table 5.4, chapter 5), but increased the diving rate
(number of dives per hour hunting) during four years (Correlation diving rate and
year: r = 0.604, n = 340, P < 0.001). The boundaries of the foraging area reached from
about 130 km north of Malgas to 300 km south-east, near Cape Agulhas (Fig. 7.3) and
extended further north and south than in previous studies (Grémillet et al. 2004,
Adams & Navarro 2005). As a consequence the overlap in foraging ranges with
gannets from Lambert’s Bay was larger than assumed by Grémillet et al. (2004),
which may have led to increased competition between gannets from the two colonies,
even more so during periods with lower food availability. Gannets from Malgas both
increased their foraging ranges and needed more dives to catch sufficient prey.
During our study, the Namibian fisheries returned with few anchovies and no




















Figure 7.3. Density map of Cape gannet foraging positions around Malgas Island. Data are from
442 foraging tracks collected during four breeding seasons. We used Kernel analysis to smoothen
all the GPS fixes of foraging locations. We used a search radius of 5 km and grid size (0.01º grid,
appr. 1.11 x 0.94 km). The density represents the smoothed number of position fixes per grid cell.
only 4-6% of the diet samples contained anchovies. The foraging trips at Ichaboe
showed no variation in duration within and between years and gannets made trips of
486 km on average (Table 5.4, chapter 5). This suggests a predictable environment
during the three years of our study. In 2003/04, the year before we visited Ichaboe for
the first time, Lewis and co-workers (2006) found that gannets from Ichaboe made
foraging trips of 21.6 h (n = 28) and their diet contained predominantly fishery
discards. In the three following breeding seasons, gannets from Ichaboe increased
their average trip duration with 5 h (chapter 5), possibly increasing their foraging
ranges (Fig. 7.4), and their diet consisted for 80% of live prey throughout the breeding
season. The gannets that returned with fishery discards made foraging trips that were
on average 25.9 h, those returning with live-caught prey 26.6 h (not significantly
different). Therefore little energetic profit could be gained from scavenging, given the
low energy content of discards (Batchelor & Ross 1984). At Malgas gannets that scav-
enged for fishery discards made trips that were on average 5 h shorter than birds
feeding for live prey.


















Figure 7.4. Density map of Cape gannet foraging positions around Ichaboe Island. Data are from
204 foraging tracks collected during three breeding seasons. We used Kernel analysis to smoothen
all the GPS fixes of foraging locations. We used a search radius of 5 km and grid size (0.01º grid,
appr. 1.11 x 0.94 km). The density represents the smoothed number of position fixes per grid cell.
FOOD RETURN
Food brought back to colony
I have some data available on the weight of food brought back by Cape gannet
parents to their young. Also Marine and Coastal Management (MCM) and the
Namibian Ministry of Fisheries and Marine Resources (MFMR) collected diet
samples throughout the breeding season at both colonies in 2005/06 and 2006/07 (for
description of sampling method see chapter 2 or Berutti et al. 1993). The weight of 199
diet samples that consisted of a single prey species was determined. Gannets from
Ichaboe brought on average 43 g more fish back than gannets from Malgas (Malgas:
153.1 g ± 104.8, n = 169; Ichaboe: 196.1 g ± 98.0, n = 30; One-way ANOVA: F1,197 = 4.4,
P = 0.038). Diet samples with anchovies and sardines (at Malgas) were 52.9 g lighter
than diet samples consisting fishery discards (anchovy and sardine: 126.3 g ± 77.3,
n = 38; saury: 142.3 g ± 122.9, n = 61; fishery discards: 179.2 g ± 98.5, n = 65; One-Way
ANOVA: F2,161 = 3.6, P = 0.029).
We estimated food loads in a different way. Chicks older than 7 weeks have
maximum energy requirements to sustain growth and survival (R. Navarro, in prep.)
and are assumed to be large enough to receive a full parental stomach content of food.
We waited in the colony for adult birds to come back from foraging trips. If their chicks
would be older than 7 weeks we caught the chick immediately after arrival of the
parent and weighed it to the nearest 25 g. We put it back on the nest, let the parent feed
it and weigh the chick again after approximately one hour. The weight differences
between the two measurements are an indication of the food load received. At Malgas
gannets fed on average 334 g (± 157, n = 19) to their chicks and at Ichaboe 364 g (± 104,
n = 11). After correction for wing length and time elapsed between the mass measure-
ments, the food loads did not differ significantly in mass between the islands (GLM:
island F1,26 = 0.4, P = 0.532; wing F1,26 = 4.3, P = 0.048; time F1,26 = 2.4, P = 0.134).
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To summarize, Cape gannets from both islands had larger foraging ranges than
previously reported. This may be a response to decreased food availability. This
interpretation is supported by the finding that chick-rearing gannets from both
colonies fed fishery discards to their chicks. Ichaboe gannets made longer foraging
trips, hunted more during trips and had larger foraging ranges than gannets from
Malgas. Malgas gannets made considerably more dives during foraging than at
Ichaboe and increased their trip duration during for years. Scavenging behind
fishing trawlers substantially decreased average trip duration at Malgas, but not at
Ichaboe.
The estimates of food loads are quite different between the two methods
presented above. MCM and MFMR collected diet samples by forcing gannets to
regurgitate (Berruti et al. 1993). With this method it is uncertain whether the whole
stomach content is collected. Comparing the weights with the method in which we
measured the chicks after feeding, it seems that gannets only regurgitated parts of
their stomach content.
Food received per hour
Due to the variation in trip duration, the provisioning rates probably differed
between Malgas and Ichaboe. Therefore I calculate the amount of food chicks
received per hour, by dividing the estimates of food loads by the average trip dura-
tion in the same year(s) derived from GPS loggers (Table 5.4, chapter 5). This is
possibly an underestimation, as we only equipped gannets with GPS loggers when
the partner was at the nest. Unattended foraging trips are shorter, perhaps increasing
provisioning rates to the chick (Lewis et al. 2004) and when the chick is old enough,
parents typically leave the chick alone to increase provisioning rates. The estimate
results in 12.8 g h-1 at Malgas and 13.5 g h-1 at Ichaboe respectively (5.5% more).
DAILY ENERGY EXPENDITURE
Despite considerable differences in foraging behaviour between Cape gannets from
Malgas and Ichaboe, average daily energy expenditure (DEE) during foraging trips
was 4203 kJ d-1, about 5.5 times BMR (chapter 6), and did not differ between the
islands. Gannets may operate close to their sustainable energetic limits, as proposed
by Lewis et al. (2006) and Pichegru et al. (2007), or at a similar optimal DEE. Energy
expenditure was similar to a study in 1981/82 (Adams et al. 1991), when gannets
from Malgas spent 6.0 times BMR during foraging trips. Due to the deteriorated
availability of good quality food, the energy gain during foraging in 2005/06 and
2006/07 was probably to be lower than during the study of Adams. This would limit
the behavioural flexibility of Cape gannets from an energetic perspective.
Variation in DEE was positively associated with the fraction flying during
foraging trips. Compared to hunting for live prey, scavenging for discards is energeti-
cally cheap, especially at Malgas, as it involves shorter foraging trips, less time spent
flying and fewer dives (chapter 5). For birds that may be feeding at their energetic
limits this would be an attractive alternative. Pichegru et al. (2007) calculated from a
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This suggests that chicks at Ichaboe may receive more food per hour than chick
from Malgas.
bio-energetic model that Cape gannet parents would need 1415 g of fishery discards
per day to sustain the energy requirements of themselves and their young. For a bird
of 2.5 kg this is more than 50% of its own body mass and possibly not sustainable. We
also showed the importance of lipid-rich food for chick growth and survival (chapter
2). Due to the low energy and lipid contents of discards (Batchelor & Ross 1984, FAO
1989), parents are thus faced with a trade-off between foraging costs and reproduc-
tive success. Gannets should only forage for fishery discards if there is no other alter-
native (Berruti et al. 1993, Adams & Klages 1999). Outside the breeding season Cape
gannets can survive long periods on fishery discards (Grémillet et al. 2008), perhaps
by reduced DEE when they spend the winter at sea.
As a long-lived species, Cape gannets are expected not to jeopardize their own
survival and thus their chances on future reproduction (Williams 1966). We indeed
found no association between parental body condition and chick growth or survival
(chapter 3), indicating that parents did not increase their effort to rear their chicks
(Mauck & Grubb 1995, Weimerskirch et al. 2000c, Navarro et al. 2007) at the costs of
their own body condition. This is consistent with our finding that gannets in a better
body condition made shorter trips, and thus possibly increased provisioning rates
(chapter 6), and were able to compensate for increased foraging costs (chapter 4). 
CHICK GROWTH
Both food availability per se and its predictability in time and space are crucial
parameters affecting breeding success in a seasonal environment (Siikamäki 1998).
Seabirds forage in a patchy and dynamic habitat (Weeks et al. 2006) with fluctuations
in prey availability throughout the breeding season (Suryan et al. 2002, Le Corre et al.
2003). The protracted chick rearing period in seabirds (Lack 1968) adds to the impact
of such seasonal variation. Local food conditions around Malgas can change consid-
erably between early October and late February. In this dynamic environment, we
expect short-term fluctuations in growth rates throughout the colony (Shea & Ricklefs
1996; Le Corre et al. 2003). At Malgas, growth of gannet chicks on colony level indeed
showed considerable intra-seasonal variation. Growth decreased during the breeding
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Average DEE during foraging trips was 4203 kJ d-1 and did not differ between the
two colonies, despite considerable differences in foraging behaviour. Malgas birds
foraged under weaker wind conditions than at Ichaboe, so probably the costs of
taking off after each plunge dive may have been substantially higher. Therefore
Malgas birds may have used the relative large fraction of their foraging trips
drifting on the sea surface to recover from high foraging costs.
season in most, but not all years (chapter 2). Between 5 and 11% of the variance in
gannet chick growth is attributed to year and measuring intervals, similar to results
of Shea and Ricklefs (1996) in their study on six species of tropical seabirds.
The quality of seabird diet is important for the growth of their chicks (Batchelor &
Ross 1984, Golet et al. 2000, Litzow et al. 2002, Wanless et al. 2005). Growth rates for
gannet chicks reared at Malgas were positively correlated with the proportion of the
lipid-rich anchovy and sardine in the diet. We found no relationship between the
proportion of fishery discards and chick growth, because parents brought back more
discards per food load in partial compensation for the lower energetic contents
(Pichegru et al. 2007, this study ‘gannet returns’). At Ichaboe anchovy and sardine
were too rare in the diet to analyse such relationships. Fish prey was probably less
abundant here (longer foraging trips and a constant proportion of fishery discards in
the diet (± 21%) throughout the breeding season), but more predictable (little varia-
tion in foraging trip lengths and diet composition between and within years) than at
Malgas. The more predictable food sources enabled parents to bring back more food
to the chicks than at Malgas. Consequently, their chicks grew faster than at Malgas
during three consecutive years and were heavier at fledging in 2005/06. However,
chick growth decreased faster during the breeding season than at Malgas (Table 7.1).
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Number of dives B (SE) F1,130 P
IIntercept 1.19 (0.17) 57.3 < 0.001
Island 63.1 < 0.001 **
Malgas -1.28 (0.16)




Day -0.009 (0.001) 55.0 < 0.001 **
Island x day 22.2 < 0.001 **
Magas x day 0.007 (0.001)
Table 7.1. Results from a GLM testing the variation in chick growth at Malgas and Ichaboe for
seasonality.
During three consecutive breeding seasons, chicks at Ichaboe were growing faster
than the chicks at Malgas. At Malgas, chick growth was associated with the quality
of their food and fishery discards were no alternative for growing chicks. At
Ichaboe, gannet parents brought back more food to their chicks, which sustained
faster growth. Chick growth was also less seasonal at Malgas than at Ichaboe.
CHICK SURVIVAL
Breeding success in both colonies was difficult to monitor, due to the long chick
rearing period of Cape gannets (Jarvis 1974) and the difference in onset of breeding of
several months between pairs (Staverees et al. 2008). During the first two breeding
seasons we determined survival of chicks until 12 weeks of age at Malgas (chapter 2).
61% of the chicks survived in 2003/04 and 55% in 2004/05. Each year, MCM (South
Africa) and MFMR (Namibia) monitor breeding success in all gannet colonies. Due to
differences in the methods, we could not compare these results to our data, but we
could compare the fledgling rates from MCM with MFMR, as they use the same
method. At Malgas, the average number of fledglings per pair of Cape gannets was
estimated to be 0.42 in 2003/04 (Makhado et al. 2006). At Ichaboe, gannet pairs raised
on average 0.51 chicks in 2004/05 and 0.84 in 2005/06 (T. Delport, unpublished data).
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Although the data are limited, gannet pairs at Ichaboe appear to have fledged
more young than pairs from Malgas.
CAPE GANNET POPULATION DYNAMICS
At the beginning of our project we predicted that Cape gannets from Malgas Island
(SA) would make shorter foraging trips, spend less energy and rear chicks that grow
faster and have higher survival rates than birds from Ichaboe (Namibia). These
expectations were based on the ongoing declines of breeding Cape gannets in
Namibia and the increase in population numbers in South Africa. However, since a
distributional shift of both anchovies and sardines (van der Lingen et al. 2005)
gannets breeding at Malgas also declined in numbers. The reduced availability of
anchovies and sardines has affected Cape gannets from both colonies differently.
Here I will discuss which factors were associated with gannet population changes.
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125
Malgas (S.A.) Ichaboe (Nam.) chapter
Food availability
fishery returns (anchovy & sardine) 0.500 tons y-1 > 0.025 tons y-1 7
Diet
proportion anchovy & sardine 26.1% > 5.5% 2,5,7
proportion fishery discards 23.7% / 37.8% ? 20.1% 2,5,7
seasonality in diet + > _ 2, 7
Foraging behaviour
trip duration 24.6 h < 26.8 h 5
commuting 10.9% ≈ 10.6% 5,6
hunting 32.4% < 50.3% 5,6
drifting 56.7% > 39.1% 5,6
Food return
per trip 153.1 g < 196.1 g 7
334.2 g ≈ 363.6 g 7
per hour 12.8 g h-1 ? 13.5 g h-1 7
DEE
at sea metabolic rates 4212 kJ d-1 ≈ 4093 kJ d-1 6
Chick growth
growth index (z-score) -0.129 < 0.212 2, 5
Chick survival
fledging rate 42% < 68% and 87% 2, 5
Overview of the results showing the comparisons between Cape gannet colonies at Malgas Island
and Ichaboe Island. Statistically significant differences between the colonies and the direction of
effects are indicated by < and >. Question marks indicate that no statistical test was performed.
Chapters are mentioned where more information can be found.
Malgas Island
During periods of poor food availability, opportunistic predators, e.g. great skuas or
gulls, increase their predation pressure on other seabirds (Becker 1984, Phillips et al.
1997, Yorio & Quintana 1997). The intensity of predation can be so severe that popu-
lation growth is negatively affected (Heubeck et al. 1999). At Malgas Island predation
pressure by kelp gulls (Larus dominicanus) (pers. obs.), great white pelicans (Pelecanus
onocrotalus) (de Ponte Machado 2007) and Cape fur seals (Arctocephalus pusillus
pusillus) (Makhado et al. 2006) on Cape gannet offspring increased dramatically over
the last few years. The three predators switched to foraging on gannet chicks because
their original food source decreased during the last few years. For each of these pred-
ators I will estimate the impact they had on gannet breeding success.
Cape gannets breeding at the periphery of the colony are more vulnerable to egg
and chick predation by kelp gulls (chapter 2). Kelp gulls snatch eggs or small chicks
from underneath parent gannets when these are occupied with their greeting cere-
mony or during nest relief. We counted the number of broken egg shells around the
colony between 8 November and 19 December 2004 to estimate the number of gannet
eggs taken daily by kelp gulls (Navarro & Mateos, unpublished data). On average
kelp gulls took 104 eggs per day (± 112.6, n = 15 days), consistent with estimates from




and would increase and decrease gradually at either side of this period for one
month. Then a total of approximately 6000 eggs would be taken, about 17% of all
eggs in 2005/06 (Crawford et al. 2007a). Hatching success, which includes predation,
infertile eggs and eggs lost in different ways, was about 77% (Nelson 1978 and
unpublished data this study).
Besides eggs, kelp gulls also take a considerable number of small (less than two
weeks old) and medium sized (between two and four weeks old) chicks (Photo 7.1).
Often kelp gulls approach nests from the ground (Yorio & Quintana 1997), but I have
also observed attacks from the air on chicks in the interior of the colony. We moni-
tored breeding success at the periphery and interior of the colony in 2003/04 and
2004/05 (chapter two). Chick mortality (until 12 weeks) was 42%, and was higher at
the edge of the colony (56%) than in the centre (31%). In 2005/06 and 2006/07, we
observed nest attendance during six periods. From 119 nests observed, 6 chicks died
from starvation, 46 were predated and 5 chicks died of unknown cause. Overall
mortality (48%) was comparable to our observations on nesting success and at least
81% of this mortality was caused by kelp gulls. The chick mortality rate of 42%
would lead to a breeding success of 0.58 (1 – 0.42), if no further mortality occurs after
twelve weeks.
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In 2005/06 we observed great white pelicans predating on Cape gannet chicks (L.
Pichegru, pers. comm.). The number of pelicans visiting Malgas increased consider-
ably the next year and the predation pressure also went up. At the beginning of the
breeding season in 2006/07 the pelicans mainly targeted Cape cormorants (Phala-
crocorax capensis) and crowned cormorants (Phalacrocorax coronatus) (Photo 7.2).
After they ate all available cormorant chicks, pelicans started predating on gannet
chicks. Large groups of pelicans would typically patrol the gannet colony and look
for chicks alone on the nest. Chicks from 500 g up to 2 kg (about 3-6 weeks old)
would be taken (Photo 7.3) and swallowed whole. From preliminary data we esti-
mated that on average 45 pelicans were visiting the breeding colony daily, although
sometimes groups of 100 to 150 pelicans were observed (de Ponte Machado, pers.
comm.). Each pelican would take 2-3 gannets chicks. If we make a conservative esti-
mate, then pelicans killed at least 90 chicks per day. Pelicans would thus eat 4000
gannet chicks (11% of the number of chicks in 2005/06, Crawford et al. 2007a) if they
would feed in the colony for one-and-a-half month.
At the end of the breeding season Cape gannet fledglings gather at the edge of the
colony to wait for profitable wind conditions. In strong winds they leave the island en
masse and try to take off from the water. Whilst practising their flight on the water,
they are an easy prey for Cape fur seals. The seals would approach gannet fledglings
from underneath and attack with one or two bites on the abdomen. On windy days
more than 450 fledglings could be attacked (Makhado et al. 2006). On such days two
or three charges were made by the seals and only body parts of gannets with a lot of
fat were eaten. The fledglings would swim back to the island and die of their injuries
on the rocks (Photo 7.4). On less windy days, only few fledglings were in the water
and when these birds were caught by seals, the complete bird was eaten. The impact
of the predation by seals is substantial; in 2000/01, 2003/04 and 2005/06 between




(Makhado et al. 2006). That was between 29% and 83% of all fledglings. On average
about 50% of the gannet fledglings were killed by Cape fur seals in each year.
With these approximations I could estimate the number of gannet fledglings that
would leave Malgas Island successfully after the breeding season. In 2005/06 the
number of breeding pairs was about 36.000 (Crawford et al. 2007a), each laying one
egg. The hatching success of gannet eggs is about 77%, which includes predation by
kelp gulls, so 27.720 chicks out of 36.000 would hatch. Of these chicks about 58% or
16.078 chicks fledge. Cape fur seals kill half the number of fledglings, hence 8.039
gannet fledgling would leave the island successfully. This is 0.22 chicks per gannet
pair. If we incorporate the (recent) impact of pelican predation as well, this number
decreased further. In 2006/07, about 4.000 gannet chicks were eaten or killed by peli-
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cans, so approximately 6.039 fledglings would leave the island, or 0.17 chicks per
pair. Underhill & Crawford (2007) showed that the minimum number of fledglings
per gannet pair to maintain the population at the same size is 0.32. Since my esti-
mates of chick mortality are conservative, it is likely that even fewer fledglings leave
the colony, and certainly insufficient numbers to compensate for adult losses.
The recent population declines support the conclusion that predation at Malgas
Island is currently beyond a level that allows colony size to be sustainable. Cape
gannets first breed when 3 or 4 years old (Nelson 1978). We may therefore only
expect the consequences of the increased predation pressures to become noticeable in
the following years. I predict that the Cape gannet colony at Malgas will decrease
even further and management measures are needed to protect the gannets from
further declines.
Ichaboe Island
Lewis et al. (2006) predicted that breeding success of Cape gannets on the Namibian
islands would be constrained by food availability during the breeding season. In
2003/04, chicks in the Namibian colonies received less energy per day than the South
African chicks and Lewis expected the growth and survival of these chicks to be
lower as well. During the subsequent three breeding seasons Ichaboe chicks grew
faster and fledgling success was higher than at Malgas during two years. Predation
pressure in the colony was low during our study, due to conservation measures taken
by the local authorities. Only in 2006/07 predation by kelp gulls contributed substan-
tially to decreased breeding success of gannets. During deterioration of the food
conditions, adults increased their food intake and left chicks alone that were too
young (< 30 days), which were then vulnerable for predation by gulls (chapter 3). Du
Toit and co-workers (2004) reported that around Ichaboe Cape fur seals also killed
gannet fledglings, but only about a hundred annually between 1991 and 2000. This
predation pressure would be too low to significantly contribute to the Cape gannet
population decline at Ichaboe. Pelicans have not been seen in the Namibian colonies.
In 2004/05 gannet pairs raised 0.51 chicks and in 2005/06 they raised 0.84 chicks,
which is more than the 0.32 chicks needed to keep the population at the same size
(Underhill & Crawford 2007). So, contrary to predictions, at Ichaboe breeding success
seemed not to be limited by food availability, at least not during our study.
Despite the higher fledging rates at Ichaboe, the breeding population declined
faster from 2001 to 2005 than at Malgas. We must conclude that post-fledging or adult
survival rather than reproductive success has been the cause of this decline. The post-
fledging period is characterized by high mortality (e.g., Francis et al. 1992, Altwegg et
al. 2003), depending on fledging mass (Jarvis 1978, Magrath 1991, van der Jeugd &
Larsson 1998) or fledging date (Verhulst & Tinbergen 1991, Harris et al. 1992). In the
first few months after fledging, juvenile gannets have to learn to catch their own prey.
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If food availability is poor this might be difficult and increase mortality rates (Orians
1969, Dunn 1972, Weimerskirch 2002). Ultimately low post-fledging survival could
affect population sizes in subsequent breeding seasons (Todd et al. 2003, Robinson et
al. 2004). Annual survival of adult seabirds is generally high (Weimerskirch 2002), but
can decrease in periods of poor food availability (Schreiber & Schreiber 1984,
Barbraud & Weimerskirch 2001). The low food availability in the Namibian waters
potentially decreased survival of adult gannets. However, these are only speculations
and insights in survival of both juveniles and adults are needed to identify proximate
causes of population declines in the Namibian colonies.
Seabirds typically show low fecundity and high annual survival rates (Furness &
Monaghan 1987) and poor reproduction must thus be sustained to have an effect on
population dynamics. Ideally population growth should be used as a response vari-
able in which extrinsic factors are used as explanatory variables (Sibly & Hone 2002).
In the absence of detailed demographic data on Cape gannets during the years of our
study we can not make such precise assessment. My main conclusion is that
processes during the breeding season, mainly predation pressure, influenced popula-
tion dynamics at Malgas (SA), whereas the mortality of juveniles, sub-adults or
adults outside the breeding season were most likely associated with the population
declines at Ichaboe (Nam).
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The general aim of this project was to gain quantitative insights on the link between
productivity in the Benguela and Cape gannet reproductive behaviour and demo-
graphics.
FOOD QUALITY AND CHICK GROWTH
In chapter two we investigated the relationship between diet quality and chick
growth of Cape gannets (Morus capensis) at Malgas Island (South Africa). In the
Benguela ecosystem, anchovies (Engraulis encrasicolus) and sardines (Sardinops sagax)
are prey species with high energetic and lipid-content, sustaining large numbers of
predatory fish, marine mammals and seabirds. Due to a recent distributional shift
south-eastwards, the availability of both prey species decreased at the South African
west coast. This prey shift affected Cape gannet foraging behaviour and population
numbers. Fishery discards (pre-dominantly hakes Merluccius capensis and M. para-
doxus) might be an alternative food source, but have low energetic and lipid density.
We combined two datasets on chick growth from periods with contrasting avail-
ability of anchovies and sardines (1986-1988 vs. 2003-2006). During the breeding
season, the proportion of anchovy and sardine in gannet diet varied from 66 to 84%
between 1986 and 1988, decreased to 59% in 2003 and decreased further to 17 – 36%
between 2004 and 2006. In the 1980s, chicks were growing faster than after 2003.
Within years, average monthly chick growth in the colony was positively correlated
to the proportion of anchovy and sardine in the diet. Between 2004 and 2006, the
diets consisted for a substantial part of fishery discards (21% to 46%) during the first
few months of the breeding seasons. We found no association between the proportion
of fishery discards in the diet and chick growth, suggesting that parents brought back
more fishery discards, but not enough to compensate for the decreased amount and
quality of live prey. At Malgas, the occurrence of saury (Scomberesox saurus) in gannet
diet from January on is a strong seasonal feature, replacing the proportions of
anchovy and sardine and fishery discards. We proposed that in years with good
availability of anchovy and sardine at the beginning of the breeding season, chick
growth would be fast. Later in the breeding season the proportion of poorer quality
prey saury increased in the diet, which was associated with reduced chick growth
rates. In years with low availability of anchovy and sardines, Cape gannets had no
other alternative than scavenging for fishery discards at the start of the breeding
season. The occurrence of the better quality saury (now compared to fishery discards)
later in the year actually enhanced gannet chick growth. Moreover, breeding success
was higher in 2003/04 than 2004/05, which was associated with the proportion
anchovy and sardine in the diet (59% and 24% respectively). Although Cape gannets
are opportunistic foragers with large variability in diet and foraging behaviour, the
availability of anchovies and sardines is crucial for their reproductive performance.
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PARENTAL BEHAVIOUR AND CHICK GROWTH
The effect of food availability on chick growth and survival is mediated through
parental provisioning behaviour (chapter three). Cape gannets breed in the dynamic
Benguela upwelling ecosystem and breeding individuals need to respond adequately
to changes in the environment in order to rear their chick successfully. Selection on
behavioural responses will be stronger under poor feeding conditions. At Ichaboe
Island (Namibia) we observed nest attendance and provisioning behaviour during
two breeding seasons with different food availability. In 2006/07, Cape gannets
delayed breeding about six weeks, Cape cormorants (Phalacrocorax capensis) aban-
doned their nests twice before starting to breed three months later than in previous
years, and Cape fur seals (Arctocephalus pusillus pusillus) showed increased starva-
tion. This indicated a decreased food availability in 2006/07 compared to 2005/06,
which was supported by longer foraging trips of Cape gannets in 2006/07. During
the deterioration of the food situation, female gannets increased their trip durations
considerably (with 59% compared to earlier in the breeding season) and males had to
stay longer on the nest when the chicks were still small (< 30 days). As a consequence
the provisioning rates to the chicks decreased and chicks grew slower. Gannet
parents could either increase provisioning and leave their chick alone, or stay at the
nest to protect the chick from predators and adverse weather conditions. Predation
pressure in the colony was considerable, because kelp gulls (Larus dominicanus),
which in other years would predate on Cape cormorant eggs and chicks, now
targeted gannet chicks. Gannet parents did not jeopardize their own survival and left
their chick unattended. Body condition of the parents was not associated with chick
growth or survival. This would suggest that when less food is available, parents are
regulating their own body condition rather than investing more in their chick.
Predation, and not starvation, was therefore the main cause of increased chick
mortality during the period of decreased food availability.
REPRODUCTIVE EFFORT
In an experiment described in chapter four, we studied the possibility of Cape gannet
parents to increase their reproductive effort. Long-lived species are restrictive in
increasing current reproductive effort in order not to jeopardize their survival and
future reproduction. In Cape gannets, a long-lived species with biparental care, this
trade-off has to be balanced against that of the partner in order to maximise fitness.
Flight ability of one gannet per experimental couple was manipulated by taping
together the two outermost primaries. We studied the behavioural responses of hand-
icapped birds and their unmanipulated partners at Ichaboe Island. Nest attendance
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observations showed that handicapped gannets almost doubled their foraging trip
durations compared to control birds. Handicapped birds lost about 10% of their body
mass, which could either be caused by increased effort or an adaptive response to
increased wing loading due to the handicap. The responses of their partners were
twofold; if chicks were younger than 30 days, the partners increased their nest atten-
dance compared to controls and when chicks got older they increased provisioning
rates. Chicks from manipulated nests were left unattended for the first time at five
days younger than control chicks. Despite the compensatory behaviour of the part-
ners of handicapped birds, chicks from manipulated nests received less attendance
and provisioning. Consequently these chicks showed reduced growth and survival
rates. Body condition of the adults was important in the regulation of foraging effort.
The increased effort of the unmanipulated partners of handicapped birds did not
result in a loss of body condition. However, the parents of chicks that died had on
average a lower body condition at the beginning of the experiment than parents of
chicks that survived. Chicks that did not survive were all between 6 and 31 days old
(on average 22 days), indicating that the prospects of increased investments were
more easily met by parents that reared older chicks. This study showed that the
reduced parental care of one parent was partly compensated for by its partner,
depending on its body condition. The remaining costs were shunt on the chick which
showed reduced growth and survival. After removal of the handicap the gannets
continued breeding and successfully reared their chicks.
AT-SEA FORAGING BEHAVIOUR
In chapter five we studied Cape gannet foraging behaviour with the aid of GPS
loggers. At Malgas (SA) and Ichaboe Island (Nam.), we equipped 646 breeding
gannets with GPS loggers during four breeding seasons. With these data we investi-
gated seasonality of gannet foraging behaviour and its association with diet and
chick growth. We also tested the suitability of behavioural parameters as proxies for
colony health status and whether they could be associated with population
dynamics. Gannets from Malgas increased their mean trip distance over four years
(from 423 to 487 km) and showed large variability in foraging behaviour within
years. At Ichaboe, gannets were consistent in their behaviour, both between and
within years, but made longer foraging trips than birds from Malgas. Gannets that
scavenged behind fishing trawlers made considerable shorter trips than gannets that
hunted for live prey, and this difference was more pronounced at Malgas. Scavenging
for fishery discards at Ichaboe involved as much flying during foraging trips as when
hunting for live prey at Malgas. Chicks grew faster at Ichaboe than at Malgas during
three consecutive breeding seasons. Fledging mass and survival during one year
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were also higher at Ichaboe. We found no direct correlations between any of the
foraging variables and chick growth, but in a model that corrected for island and
date, the time spent flying was positively associated with chick growth. This relation-
ship was possibly mediated through diet, because gannets that flew more during
foraging trips were more likely to return to the colony with better quality live prey.
Food seemed to be less abundant (longer foraging trips), but more predictable (faster
chick growth) at Ichaboe. However, deterioration in the food situation in 2006/07
drastically decreased chick growth and survival, suggesting that the gannets were
foraging at their limits. We further demonstrated that foraging variables alone can
not be used as indicators of population health.
ENERGETIC COSTS OF FLIGHT
In chapter six we studied the energetic costs of foraging behaviour in Cape gannets.
Avian flight is energetically costly behaviour, especially for seabirds that fly consider-
able distances between their nesting sites on land and their foraging sites at sea.
Behavioural and morphological adaptations have developed to minimise these
foraging costs. At Malgas and Ichaboe Island, we simultaneously equipped gannets
with GPS loggers and injected them with doubly labelled water (DLW) to measure
daily energy expenditure (DEE). We investigated gannet foraging behaviour in more
detail and associated this with wind conditions during the trips. The winds around
Ichaboe were stronger and more variable than at Malgas and also from a southwest,
rather than a south-southwest, direction. Total trip durations did not differ between
the islands, but the time budgets did vary; at Ichaboe, gannets spent more time
hunting during foraging trips, whereas at Malgas birds allocated more time to
drifting on the sea surface. Gannets from Malgas made considerably more dives
during foraging than birds from Ichaboe. The number of dives increased with
stronger winds, probably because strong winds decrease foraging efficiency through
rippling of the sea surface. DEE was on average 4203 kJ d-1 (± 693, n = 27), which
resulted in flight costs of 82.0 Watts at Ichaboe and 87.4 Watts at Malgas. We showed
that DEE was larger at Malgas compared to Ichaboe under the same circumstances,
increased with wind speed and increased with the fraction flying during foraging
trips. The increased DEE at Malgas was possibly due to the interaction between the
increased number of dives and the less profitable winds; taking off after each plunge-
dive would be more costly in weaker winds. Nevertheless, average DEE did not
differ between the islands and likely the gannets from both colonies are foraging at
their energetic limits. We proposed that at Malgas Cape gannets compensate for their
costly behaviour by resting more on the sea surface, whereas at Ichaboe the
predictability of their food sources kept gannet DEE at sustainable levels.
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COMPARISON BETWEEN THE COLONIES
In the final chapter seven I compare the provisioning behaviour of Cape gannets
from Malgas and Ichaboe Islands in relation to differences in food availability. I
discuss how these differences affected their foraging behaviour, diet, DEE and the
growth and survival of their chicks by integrating the results of chapter two to six.
Anchovies and sardines were more abundant around Malgas, as judged from the
fishery returns and the gannet diets. Parents from both colonies fed fishery discards
to their chicks, indicating low availability of inshore pelagic fish. Gannets from
Ichaboe had a larger and more constant fraction of pelagic fish in their diet
throughout the breeding season. On average gannets from Ichaboe made longer
foraging trips, during which they spent more time foraging, but made fewer dives
than gannets from Malgas. At Malgas birds spent a larger fraction of their trip
drifting at the sea surface. These differences in foraging behaviour did not result in
differences in average energy expenditure. DEE was 4203 kJ d-1. From the time
budgets flight costs were estimated to be about of 84.7 Watts. During three consecu-
tive breeding seasons Ichaboe young had higher growth rates and survival compared
to Malgas. This may relate to slightly, but not significantly, more food gannet parents
from Ichaboe brought back to their chicks. Yet, predation, and not starvation, was the
main cause of chick mortality at Malgas Island; kelp gulls, great white pelicans
(Pelecanus onocrotalus) and Cape fur seals predated gannet chicks at unsustainable
levels. Gannets reared 0.17 chicks per pair, while at least 0.32 chicks would have been
needed to keep the population at the same size. This might explain the recent popula-
tion declines at Malgas. At Ichaboe we have no indication that processes during the
breeding season, like predation or starvation of the chicks, can explain population
declines. Likely survival outside the breeding season contributes here to the ongoing
population declines. Behavioural data on provisioning behaviour are important to
understand the mechanisms behind population changes, but demographic analyses





Het doel van dit onderzoek was het verkrijgen van inzichten in de gedragsmecha-
nismen die geassocieerd zijn met de populatie veranderingen van Kaapse Jan-van-
genten (Morus capensis) (Hoofdstuk één). De Kaapse Jan-van-gent broedt in het
Benguela ecosysteem in zuidelijk Afrika (zie box 1). Wereldwijd zijn er slechts zes
broedkolonies; drie in Namibië (de eilanden Mercury, Ichaboe en Possession) en drie
in Zuid-Afrika (Lambert’s Baai en de eilanden Malgas en Bird). Sinds de jaren zestig
nemen de aantallen broedende paren in alle drie de kolonies in Namibië af. De laatste
tien jaar gebeurt dit ook in de twee broedkolonies aan de westkust van Zuid-Afrika.
Alleen de kolonie in de Nelson Mandela Baai (Bird) neemt toe en is momenteel de
grootste Jan-van-genten kolonie ter wereld (ongeveer 98.000 broedparen in 2005). De
afname in de andere kolonies is te wijten aan een verminderd voedselaanbod.
Ansjovis (Engraulis encrasicolus) en sardines (Sardinops sagax) zijn belangrijke
prooisoorten voor verscheidene endemische zeevogelsoorten, waaronder de Kaapse
Jan-van-gent. In Namibië zijn ansjovis en sardines in de jaren zestig sterk overbevist
en daardoor niet meer beschikbaar voor de lokaal broedende zeevogels. In Zuid-
Afrika werden de sardines omstreeks dezelfde periode ook overbevist, maar ansjovis
waren een alternatief voor broedende Jan-van-genten en de kolonies namen toe in
aantallen broedparen tot ongeveer 1997. Vanaf toen namen ook de aantallen in de
twee kolonies aan de Zuid-Afrikaans westkust af. Dit hing samen met een zuid-
oostelijke verschuiving in de distributie van zowel ansjovis als ook sardines.
De gevolgen van dit verminderd voedselaanbod hebben we in dit onderzoek
bestudeerd door variatie in individueel gedrag te extrapoleren naar populatie niveau
en dit te associeren met populatie veranderingen. Voor een volledige demografische
studie zijn gegevens nodig over nataliteit, mortaliteit en migratie tussen kolonies
gebasseerd op langdurige ringprogramma’s. Deze demografische analyses vallen
echter buiten de omvang van dit proefschrift. In plaats daarvan richten wij ons op de
gedragsmechanismen die geassocieerd zijn met kuikengroei en overleving tot het
uitvliegen van Kaapse Jan-van-genten, die mogelijk gedeeltelijk de populatie veran-
deringen verklaren. Een mechanistische aanpak kan relevante inzichten geven in hoe
populatiegroei wordt beinvloed door veranderingen in de omgeving. Het doel van
dit onderzoek was om inzicht te krijgen in de relatie tussen de produktiviteit in het
Benguela ecosysteem en het reproduktief gedrag en de demografie van Kaapse Jan-
van-genten volgens de zogenaamde ‘mechanistische benadering’.
VOEDSELKWALITEIT EN KUIKENGROEI
In hoofdstuk twee hebben we de relatie tussen de kwaliteit van het voedsel en de
groei van Kaapse Jan-van-genten kuikens op het eiland Malgas in Zuid-Afrika onder-
zocht. In het Benguela ecosysteem zijn ansjovis en sardines belangrijke prooisoorten
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(met een hoog energie-, en vetgehalte) voor een groot aantal roofvissen, mariene
zoogdieren en zeevogels. Door een verandering in de verspreiding is de beschikbaar-
heid van deze vissoorten aan de Zuid-Afrikaanse westkust vanaf 1997 afgenomen.
Deze verschuiving is gessocieerd met een verhoogde foerageerinspanning van
Kaapse Jan-van-genten en een afname in hun antallen broedparen. Visafval (voorna-
melijk stokvis Merluccius capensis en M. paradoxus) kan als alternatieve voedselbron
dienen, maar heeft een laag energie-, en vetgehalte. Wij hebben de groei van kuikens
gemeten tussen 1986/87 en 1988/89, toen ansjovis en sardines een goede beschik-
baarheid hadden, en tussen 2003/04 en 2006/07, toen die beschikbaarheid sterk was
afgenomen. We waren geïnteresseerd of het dieet verschilde tussen de twee periodes,
hoe de kuikengroei in de kolonie samenhing met voedselkwaliteit en of visafval een
alternatief was voor levende prooisoorten. Gedurende het broedseizoen varieerde de
proportie ansjovis en sardines in het dieet van 66% tot 84% tussen 1986/87 en
1988/89, daalde tot 59% in 2003/04 en daalde verder naar 17-36% tussen 2004/05 en
2006/07. Eind jaren tachtig groeiden de kuikens sneller dan na 2003. Met de gegevens
uit alle zeven broedseizoenen toonden we aan dat de gemiddelde maandelijkse
kuikengroei positief gecorreleerd was met de proportie ansjovis en sardines in het
dieet. Tussen 2004/05 en 2006/07 bestond het dieet voor een belangrijk deel uit
visafval (21-46%) in de eerste maanden van het broedseizoen. Wij vonden geen relatie
tussen de proportie visafval in het dieet en de groei van de kuikens, wat suggereert
dat ouders meer visafval naar het kuiken brachten, maar niet genoeg om te compen-
seren voor de lagere kwaliteit van het visafval. Vanaf januari vervangt de makreel-
geep (Scomberesox saurus) de ansjovis, sardines en het visafval in het dieet van de Jan-
van-genten op Malgas. Wij concludeerden dat de kuikens goed groeiden in jaren met
voldoende beschikbaarheid van ansjovis en sardines aan het begin van het broedsei-
zoen. Later in het broedseizoen neemt het gehalte van de lagere kwaliteit makreel-
geep in het dieet toe en dat was gerelateerd aan een langzamere groei van de
kuikens. In jaren met een lage beschikbaarhied van ansjovis en sardines aan het begin
van het broedseizoen hebben Kaapse Jan-van-genten geen ander alternatief dan het
zoeken van visafval achter vissersboten. Het verschijnen van de kwalitatief betere
makreelgeep in het dieet (nu in vergekijking met visafval) zorgt er voor dat de
kuikens sneller kunnen groeien. Bovendien was het broedsucces hoger in 2003/04
dan in 2004/05, wat gecorreleerd was met een hoger gehalte ansjovis en sardines in
het dieet (respectievelijk 59% en 24%). Ondanks de grote variatie in foerageergedrag
en de flexibele dieetkeuze van Kaapse Jan-van-genten is de beschikbaarheid van
ansjovis en sardines van essentieel belang voor hun broedsucces.
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OUDERLIJKE BROEDZORG EN KUIKENGROEI EN OVERLEVING
De aantallen Kaapse Jan-van-genten nemen in alle broedkolonies aan de westkust
van zuidelijk Afrika af, waarschijnlijk als gevolg van een verminderde voedselbe-
schikbaarheid. De aanpassing in individueel gedrag aan wisselende omstandigheden
kan inzicht geven in de mechanismen achter populatie veranderingen. In hoofdstuk
drie hebben wij de relatie tussen ouderlijke broedzorg en het broedsucces van Kaapse
Jan-van-genten van Ichaboe (Namibië) gedurende twee jaar met verschillend broed-
succes bestudeerd. Het doel was de relatie tussen deze broedzorg en de individuele
verschillen in groei en overleving tussen kuikens te bestuderen. Het idee dat de voed-
selbeschikbaarheid gelimiteerd, werd bevestigd door onze observatie dat in 2006/07
de ouders later begonnen met broeden en langere foerageertochten maakten. Ook
stelden de Kaapse aalscholvers (Phalocrocorax capensis) in dat broedseizoen tot twee
keer toe het begin van hun broeden uit, wat ons vermoeden bevestigde dat voedsel-
beschikbaarheid rond Ichaboe minder was in 2006/07. Binnen de jaren waren de
individuele verschillen in broedzorg, maar niet in lichaamsconditie, geassocieerd met
kuikengroei en overleving. Moeders die langer wegbleven, en waarvan de partner
dus langer op het nest moest blijven om voor het jong te zorgen, hadden jongen die
minder snel groeiden en een lagere overleving hadden. Individuele verschillen
tussen jaren, binnen jaren, maar ook binnen perioden beinvloeden dus het broed-
succes. Predatie, en niet verhongering, was de voornaamste reden voor de sterfte van
de kuikens. In perioden van voedselschaarste waren foerageertochten langer en lieten
de Jan-van-genten ouders hun kuiken vaker alleen, wat resulteerde in een verhoogd
risico op predatie van de kuikens door kelpmeeuwen (Larus dominicanus). Als langle-
vende soort zullen Jan-van-genten niet hun reproduktieve inspanning vergroten als
dit ten koste gaat van hun overleving en toekomstige reproduktie. Onze interpretatie
is dat voedselschaarste het gemiddelde broedsucces reduceert, en dat schaarste een
grotere invloed op sommige ouders heeft dan op anderen. Dergelijke verschillen
kunnen belangrijke selectiekrachten zijn, die in geval van veranderende omstandig-
heden bepaalde phenotypen bevoordelen (en indien er genetische verschillen spelen
ook microevolutie kan veroorzaken). Meer kennis omtrent de origine van deze vari-
atie tussen individuen is noodzakelijk om te voorspellen hoe veranderingen in de
voedselbeschikbaarheid van invloed zijn op de populatie grootte en samenstelling en
kan ons daardoor helpen deze vogels te beschermen.
REPRODUKTIEVE INSPANNING
In een experiment dat we beschrijven in hoofdstuk vier bestudeerden we de moge-
lijkheid van Kaapse Jan-van-genten om hun reproduktieve inspanning te vergroten.
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Langlevende soorten moeten een afweging maken tussen de baten van het verhogen
van hun huidige reproduktieve inspanning (om hun jong succesvol groot te brengen)
en de kosten die dit met zich mee brengt voor hun overleving en toekomstige repro-
duktie. Deze afweging moet worden gebalanceerd tegen diezelfde afweging bij de
partner, aangezien beide Jan-van-genten ouders zorgen voor het jong. Wij hebben de
vliegcapaciteiten bij één van de ouders in een koppel verminderd door de twee
buitenste vliegveren van elke vleugel samen te plakken. Hierdoor had de gehandi-
capte ouder meer moeite met vliegen en zou waarschijnlijk minder voedsel naar het
jong brengen. Wij waren voornamelijk geïnteresseerd of de ongemanipuleerde
partner hiervoor zou kunnen compenseren. Gedurende 31 dagen hebben wij op
Ichaboe het gedrag van de gehandicapte vogels en hun partner bestudeerd.
Waarnemingen van broedzorg toonden aan dat gehandicapte vogels de duur van
hun foerageertochten bijna verdubbelden in vergelijking met controle vogels.
Gehandicapte vogels verloren 10% van hun lichaamsgewicht tijdens de observatie
periode wat een gevolg kon zijn van een verhoogde inspanning of een adaptieve
aanpassing aan de verhoogde draagkracht door de handicap. De partners reageerden
door de broedzorg op het nest te verhogen als hun kuiken jonger dan 30 dagen was.
Als het kuiken ouder werd dan verhoogden zij de frequentie nestbezoeken verge-
leken met controle vogels. Dit compensatie gedrag leidde niet tot een verlaging in
lichaamsconditie van de partners van gehandicapte vogels. Kuikens uit gemanipu-
leerde nesten werden voor het eerst alleen gelaten toen ze gemiddeld vijf dagen
jonger waren dan controle kuikens, wat het predatie risico verhoogde. Ondanks de
compensatie van de partners van gehandicapte vogels kregen kuikens uit gemanipu-
leerde nesten minder broedzorg en nestbezoeken. Dit had als gevolg dat deze
kuikens minder snel groeiden en een lagere overleving hadden in vergelijking met
controle kuikens. De lichaamsconditie van volwassen Jan-van-genten is belangrijk in
de regulatie van hun foerageerinspanning. De ouders van kuikens die niet over-
leefden had gemiddeld een lagere lichaamsconditie aan het begin van het experiment
dan ouders van overlevende jongen. Ook waren de kuikens die stierven allemaal
jonger dan 31 dagen oud. Dit was vermoedelijk een gevolg van de afweging van de
ouders tussen de reeds geleverde reproduktieve inspanning en de nog te moeten
leveren inspanning. Dit experiment toont aan dat de gereduceerde ouderlijke zorg
van één ouder gedeeltelijk kan worden gecompenseerd door de andere ouder, maar
dat dit afhangt van de lichaamsconditie. Onvolledige compensatie manifesteerde
zich in een mindere groei en lagere overleving van het kuiken. Na het verwijderen
van de handicap zetten de ouders het broeden voort en wisten zij hun kuiken
succesvol groot te brengen.
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FOERAGEER GEDRAG OP ZEE
In hoofdstuk vijf hebben we het gedrag van Kaapse Jan-van-genten op zee met
behulp van GPS loggers bestudeerd. Gedurende vier broedseizoenen hebben we op
de eilanden Malgas (Zuid-Afrika) en Ichaboe (Namibië) 646 Jan-van-genten uitgerust
met GPS loggers. Met deze gegevens hebben we de variatie in foerageergedrag
tussen en binnen jaren en de relatie met dieet en kuikengroei geanalyseerd. Verder
hebben we ook getest of gedragsparameters kunnen dienen als schatters voor de
status van een kolonie en of ze konden worden geassocieerd met populatie verande-
ringen. Jan-van-genten van Malgas verlengden hun foerageertochten gedurende vier
jaar van 423 km tot 487 km en toonden een grote variatie in foerageergedrag binnen
jaren. Op Ichaboe waren de Jan-van-genten constant in hun gedrag, zowel tussen als
binnen jaren, maar maakten langere foerageertochten dan op Malgas. In het alge-
meen maakten Jan-van-genten die zochten naar visafval achter vissersboten kortere
tochten dan Jan-van-genten die jaagden op levende prooisoorten. Het zoeken naar
visafval rond Ichaboe kostte echter bijna net zo veel vliegtijd als het jagen op levende
prooi rond Malgas. Ondanks de langere foerageertochten van ouders op Ichaboe
groeiden de kuikens gedurende drie jaar sneller dan die van Malgas. We vonden
geen directe correlatie tussen de foerageerparameters (zoals bijvoorbeeld afgelegde
afstand, aantal duiken, tijd gevlogen tijdens foerageertochten, etc.) en kuikengroei. In
een model dat corrigeerde voor eiland en datum vonden we wel een positieve corre-
latie tussen vliegtijd en kuikengroei. Deze relatie werd mogelijk veroorzaakt door het
dieet; Jan-van-genten die langer vlogen gedurende hun foerageertocht hadden een
grotere kans om terug te komen met levende prooisoorten, die van betere kwaliteit
waren. Voedsel leek minder beschikbaar rond Ichaboe (langere foerageertochten),
maar voorspelbaarder (constante duur foerageertochten en snellere kuikengroei).
Echter, in 2006/07 verslechterde de voedselsituatie en verminderde de overleving
van kuikens, wat suggereerde dat de Jan-van-genten aan hun limiet aan het foera-
geren waren. We toonden ook aan dat foerageerparameters alléén niet toereikend zijn
als indicatoren voor de status van een kolonie.
DE ENERGETISCHE KOSTEN VAN FOERAGEREN
In hoofdstuk zes hebben we de energetische kosten van het foerageergedrag van
Kaapse Jan-van-genten bestudeerd. Vliegen is energetisch duur gedrag en in het
bijzonder voor zeevogels die indrukwekkende afstanden afleggen tussen hun nest op
land en hun foerageergebieden op zee. Om de foerageerkosten te minimaliseren
hebben zich aanpassingen in gedrag en morfologie in zeevogels ontwikkeld. De
smalle vleugels met grote spanwijdte zijn bijvoorbeeld een aanpassing om optimaal
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gebruik te maken van de wind door grote afstanden te zweven zonder energie te
gebruiken voor het slaan met de vleugels. Op Malgas en Ichaboe hebben we gedu-
rende twee broedseizoenen Kaapse Jan-van-genten uitgerust met GPS loggers en
tegelijkertijd hebben we ze geinjecteerd met dubbel gemerkt water om hun dagelijkse
energiebesteding (DEE) te schatten. De wind rondom Ichaboe was sterker en varia-
beler dan rond Malgas en kwam ook uit zuidwestelijke richting, terwijl de wind rond
Malgas vanuit een zuid-zuidwestelijke richting waaide. De totale duur van foera-
geertochten verschilde niet tussen beide eilanden, maar de tijdsbudgetten wel; Jan-
van-genten van Ichaboe jaagden meer gedurende hun foerageertochten, terwijl Jan-
van-genten van Malgas meer tijd op zee dreven. Jan-van-genten van Malgas doken
meer tijdens het foerageren dan vogels van Ichaboe (42 vs. 72). Het aantal duiken
nam toe met sterkere winden, waarschijnlijk omdat een sterkere wind het zee-opper-
vlak in beroering brengt en daardoor het foerageren moeilijker maakt en de prooiv-
angst minder succesvol. De DEE was gemiddeld 4203 kJ d-1 (± 693, n = 27), ongeveer
5,5 keer het basaal metabolisme, wat resulteerde in vliegkosten van ongeveer 84,7
Watt. We toonden aan dat de DEE hoger was voor Jan-van-genten van Malgas in
vergelijking met die van Ichaboe onder dezelfde omstandigheden, en toenam met
toenemende windkracht en met de fractie vliegen gedurende foerageertochten. De
hogere DEE op Malgas werd waarschijnlijk veroorzaakt door het hoge aantal duiken
in een minder gunstige wind; het opstijgen vanaf het zee-oppervlak na elke duik zal
energetisch meer kosten in een zwakke wind. Desalniettemin was de gemiddelde
DEE niet verschillend tussen de eilanden wat erop kan duiden dat de Jan-van-genten
in beide kolonies aan hun energetische limiet aan het foerageren waren. We stelden
voor dat de Kaapse Jan-van-genten van Malgas compenseerden voor hun kostbaar
gedrag door meer tijd uit te rusten op het zee-oppervlak, terwijl rond Ichaboe de
betere en voorspelbaardere voedselsituatie de energiebesteding betaalbaar hield.
EEN VERGELIJKING TUSSEN DE TWEE KOLONIES
In het laatste hoofdstuk (hoofdstuk zeven) heb ik het gedrag van Kaapse Jan-van-
genten van Malgas en Ichaboe met elkaar vergeleken in relatie tot verschillen in
voedselbeschikbaarheid tussen de eilanden. Ik bediscussieer hoe deze verschillen het
foerageergedrag, dieet, energiebesteding en de groei en overleving van de kuikens
beïnvloeden door de hoofdstukken 2 tot en met 6 te integreren. Ansjovis en sardines
hadden een grotere beschikbaarheid rondom Malgas, gezien de grotere opbrengsten
van de Zuid-Afrikaanse visserij en hun grotere proportie in het dieet van de Jan-van-
genten in vergelijking met Ichaboe. Ouders van beide kolonies voerden hun jongen
ook met visafval, wat duidt op een lage beschikbaarheid van pelargische vissoorten
rondom de kolonies. Jan-van-genten van Malgas waren vooral aan het begin van het
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broedseizoen afhankelijk van visafval als voedselbron. Vogels van Ichaboe hadden
een grotere en constantere fractie pelargische vis in hun dieet gedurende het hele
broedseizoen. Gemiddeld maakten Jan-van-genten van Ichaboe langere foerageer-
tochten, gedurende welke zij meer tijd besteedden aan jagen, maar minder duiken
maakten dan Jan-van-genten van Malgas. Jan-van-genten van Malgas zaten langer op
het zee-oppervlak. Deze verschillen in gedrag en dieet resulteerden niet in een
verschil in energiebesteding. Gedurende drie opeenvolgende broedseizoenen
groeiden de jongen op Ichaboe sneller dan op Malgas en hadden zij een hogere over-
leving. Dit is mogelijk gerelateerd aan een marginaal grotere hoeveelheid voedsel dat
de ouders op Ichaboe aan hun kuikens voeren.
Met deze resultaten heb ik vervolgens geprobeerd verklaringen te vinden voor de
afname in aantallen broedparen in beide kolonies. Predatie, en niet verhongering lijkt
de voornaamste oorzaak van mortaliteit op Malgas; kelpmeeuwen, witte pelikanen
(Pelecanus onocrotalus) en Zuid-Afrikaanse pelsrobben (Arctocephalus pusillus
pusillus) predeerden zo veel Jan-van-genten kuikens dat er uiteindelijk slechts 0,17
jongen per ouderpaar uitvlogen. Dit is lager dan het geschatte aantal van 0,32 jongen
dat nodig is om de populatie op dezelfde grootte te houden en verklaart mogelijk de
recentelijke populatie afname op Malgas. Op Ichaboe hebben we geen indicaties
kunnen vinden dat processen gedurende het broedseizoen, zoals predatie of verhon-
gering, de populatie afname verklaren. Waarschijnlijk spelen hier processen buiten
het broedseizoen een belangrijke rol bij de populatie afname. Gedrags gegevens
omtrent de broedzorg zijn belangrijk om de mechanismen achter populatie verande-
ringen te begrijpen, maar demografische gegevens zijn nodig om volledig te
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“Een nieuw jaar, een belangrijk jaar dat begint met waarschijnlijk de moeilijkste
beslissing uit m’n leven..... gisteren stuurde Henk Visser mij een mailtje dat hij
waarschijnlijk de WOTRO-beurs zou krijgen..... het was een voorbode, een opzetje
dat werd afgemaakt door Les Underhill..... na wat vriendelijkheden en kennisma-
kingen over en weer begon Les over mij. En over de AIO-positie. En vooral over de
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lijk leven, ben ik ervan overtuigd, achteraf, dat het de juiste beslissing is geweest om
dit project aan te gaan.
Tijdens een boottocht vanaf Bird Island, na mijn laatse veldwerk in Zuid-Afrika,
raasde ik met 60 km/uur over het water, en zag ik naast het vasteland ook het einde
van mijn proefschrift op me afkomen. De wind raasde door mijn hoofd, samen met
alle mooie herinneringen aan het veldwerk en aan alle mensen die ik heb ontmoet in
de vier jaren ervoor. Een uur lang heb ik lekker zitten wegdromen. Vandaag, na bijna
twee jaar achter mijn computer, zijn de herinneringen aan het eilandleven behoorlijk
verdwenen. Gelukkig heb ik afgelopen week de documentaire ‘The Great Tide’ uit de
serie ‘Nature’s Great Events’ (BBC) gezien, over mijn Jan-van-genten. En toen wist ik
weer waarom ik al die jaren met zo veel plezier heb gewerkt. Het werken in de
Benguela, op die indrukwekkend mooie eilanden, is iets dat niet veel mensen kunnen
meemaken en wat ik nooit zal vergeten.
The first person I have to acknowledge and thank for all the help he gave me is
without any doubt René Navarro, my dear friend and colleague. From the first day I
arrived in South Africa, until the final stages of my thesis, I could always disturb him
to ask for help. Considering the numerous times I dropped by in his office and the
millions of e-mails I sent him, I needed quite a bit of help. His kindness, helpfulness
and friendship made my trips to South Africa always something to look forward to. I
think back with great pleasure on our times in the field, drinking the “vino inbe-
twino”, the hours behind the computer working on our program, our walks, the
beers, the week in Grotto Bay and everything else. Thanks René, and I am sure we
will both be Dr. Gannet soon!
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Nederland
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een wetenschappelijk stimulerende omgeving, ook een omgeving te creëeren waar
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dat komt ook door de vele leuke gesprekjes met Bonny en Roelie. Bernd Riedstra
heeft een belangrijke bijdrage geleverd aan de titel van dit proefschrift. Zijn eerste
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Brabanders doen, altijd leuk. Jeroen bedankt voor de vele avonden uit en de biertjes
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- Bob den Uyl
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